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Abstract
The development of future high-speed aircrafts will required the jet fuel to act as the
primary engine coolant to absorb excess heat produced by the engine components. To aid in
removing the excess heat and reducing the aircraft’s weight, future jet fuels used for high-speed
aircrafts will act as both coolant and fuel; however, by exposing the fuels to temperatures and
pressures above their critical point, they undergo pyrolysis to form larger and/or more abundant
polycyclic aromatic hydrocarbons (PAH) and eventually carbonaceous solid deposits in the precombustion environment.
The formation of solid deposits in the pre-combustion environment results in clogging of
the fuel line, reduced engine performance, and meticulous engine maintenance, so it is important
to understand the mechanisms leading to the formation of carbonaceous solid deposits from
thermally stressed hydrocarbons.

Using a flow reactor, an investigation was conducted to

understand the reaction mechanisms leading to the formation of PAH, which are known to be
precursors to solid deposits. The reactant toluene, selected to be a representative of the aromatic
components of real-world jet fuels, was pyrolyzed in a flow reactor under supercritical
conditions, with temperature conditions between 550 and 685 °C and pressure conditions
between 50 and 100 atm.
Identification and quantification of the gas- and liquid-phase samples are conducted using
gas chromatography (GC) with flame ionization detection and high-pressure liquid
chromatography (HPLC) with diode-array ultraviolet-visible (UV) detection – the liquid-phase
GC and HPLC are in series with mass spectrometry (MS). Identification using gas-phase GC,
liquid-phase GC, and HPLC revealed the formation of 60 hydrocarbon (aliphatic and aromatic)
products, of which three unsubstituted PAH products have never before been identified as
products of toluene pyrolysis. Furthermore, temperature and pressure dependent yields of the
identified hydrocarbon products are presented.

v

The formation of gaseous products as well as aromatic products in the supercritical
toluene pyrolysis environment is the result of decomposition of toluene, recombination of
unstable molecule fragments, dehydrogenation of aromatic products, and/or successive addition
of aromatic molecules to low-ring-number aromatic products.

At high thermally stressed

conditions the formation of increasingly high molecular PAH becomes insoluble in the fuel and
forms a distinct solid phase, carbonaceous solid deposits.

vi

Chapter 1. Introduction
1.1 Background
The continued development of high-speed aircraft will require the fuel itself to act as a
coolant and absorb excess heat from the engine before the fuel enters the combustion chamber,
thereby exposing the fuel to high temperatures and pressures [1-4]. By using the fuel as a heat
sink, as opposed to air, the overall weight of the aircraft is decreased, as the structural
components necessary to transfer heat to air are considerably bulkier [5]. Furthermore, waste
heat may be captured and utilized by the engine during combustion [5]. In a high-speed aircraft
engine, predicted temperatures and pressures may reach as high as 700 °C and 150 atm,
conditions well above the critical points of hydrocarbon jet fuels [1].
During exposure of the fuel to ambient air, oxygen dissolves into the fuel.

When

oxygenated fuel is exposed to elevated temperatures ( >130 °C [6]) as part of its role as coolant,
the fuel’s hydrocarbon molecules break down through autoxidative mechanisms, which over
time can lead to the formation of gum-like deposits [6-9]. By removing oxygen from the fuel or
by adding antioxidants, the autoxidation mechanism can be avoided [7,10-12].
When temperatures in the pre-combustion environment exceed approximately 480 °C,
even de-oxygenated jet fuel undergoes thermal cracking, a process in which the fuel’s
hydrocarbons are broken down into lower-molecular-weight hydrocarbons [1,13]. Additionally,
at high temperatures, higher-molecular-weight products such as polycyclic aromatic
hydrocarbons (PAH) are formed [14,15] which are known to be precursors of carbonaceous
solids. Such solids in the pre-combustion zone lead to clogging of fuel lines, reduced heat
transfer from engine components to the fuel, and possible engine failure [1]. The high pressures
prevent boiling of the fuel, maintaining a high-density state, which allows sufficient heat transfer
to occur [1,16]. However, high pressures are also conducive to solid deposit formation [17].

1

1.2 Purpose of the Study
Continued development of increasingly high-performance engines requires an
understanding of the effects of high temperatures and pressures (conditions beyond the
supercritical points) on real-world jet fuels. But because jet fuels are such complex mixtures, it
is difficult to determine how the individual components contribute to solid deposition in the precombustion environment. Use of a model fuel, a pure compound representative of a particular
class of hydrocarbons found in real-world fuels, reduces the complexity of the reaction pathways
of a fuel subjected to the temperatures and pressures likely to be encountered by fuels used in
future high-speed aircraft. Information regarding the behavior of a particular class of
hydrocarbons in the pre-combustion environment may be determined from one or a few
compounds.
Military aircraft use a variety of jet fuels which are composed of mixtures of both
aliphatic and aromatic compounds, the proportion of these hydrocarbons differing significantly
from one type of jet fuel to another [16,18]; and additionally, the critical temperatures (Tc) and
critical pressures (Pc) of most jet fuel components are between 370 °C and 400 °C and between
22 atm and 35 atm, respectively [16,19]. For example, one fuel, designated JP-4, is made up of
at least 25 % aromatic and 5 % olefinic compounds, whereas another, designated JP-7, is 5 %
aromatic and

0 % olefinic [18]. Additionally, since these fuels are petroleum products derived

from natural sources, there are compositional differences between separately produced fuels of
the same type [4].
With temperatures and pressures predicted to reach as high as 700 oC and 150 atm [1] in
the pre-combustion environment of future high-speed aircraft, the exposure of real-world jet
fuels to these conditions will result in them transitioning to the supercritical phase [2]. The
supercritical phase is an important factor to consider in the jet fuel pre-combustion environment.
Supercritical fluids exhibit properties that differ significantly from those of either the gas or
liquid phase. Many of the physical properties, such as density, viscosity, and diffusivity are
2

intermediate between those of a gas or a liquid and are strongly dependent on pressure and
temperature [20]. Because of the strong dependence on temperature and pressure, small changes
in these parameters may result in large variations in the physical properties of the supercritical
fluids; therefore, reaction rates can vary by orders of magnitude over a small range of reaction
conditions [21].
In order to investigate the effects of temperature and pressure on aromatic compounds in
future high-speed aircraft fuel, toluene (critical temperature, 319 °C; critical pressure, 41 atm),
an aromatic component of real-world jet fuels, was selected as a model fuel and pyrolyzed above
its critical temperature and pressure. In addition, toluene has been observed as a product of the
supercritical pyrolysis of n-decane, a saturated ten-carbon hydrocarbon, [22] and of
n-tetradecane, a saturated fourteen-carbon hydrocarbon, [23]; therefore, the investigation of
toluene as a model fuel provides information regarding reaction pathways leading to PAH and
the yields of PAH products that are relevant for fuels containing aromatic components as well as
fuels rich in aliphatic components.
By identifying and quantifying products produced in the supercritical toluene pyrolysis
environment at different temperature and pressure conditions, reaction pathways leading to the
formation of PAH can be determined.

Because temperatures and pressures in the pre-

combustion environment of future high-speed aircraft are predicted to reach as high as 700 °C
and 150 atm, for residence times on the order of minutes [1], experiments were performed to
mimic these conditions as closely as possible. Two sets of experiments were conducted in the
course of this study. In the first set, toluene was pyrolyzed for 140 sec at a constant pressure of
100 atm and at constant temperatures of 550, 600, 625, 650, 675, and 685 °C. In the second set,
toluene was pyrolyzed for 140 sec at a constant temperature of 685 °C and at constant pressures
of 50, 70, 90, and 100 atm.

3

1.3 Structure of the Thesis
Chapter 2 first presents a literature review of previous work with the supercritical
pyrolysis of other model fuels, then work concerning the pyrolysis of toluene.

Chapter 3

describes the supercritical fuel pyrolysis reactor run at the temperatures and pressures that
simulate the pre-combustion environment. The analytical techniques used to identify and
quantify the products produced in the supercritical toluene pyrolysis experiments are then
described. Chapter 4 presents the evidence and identification of the gas- and liquid-phase
products produced in supercritical toluene pyrolysis. Chapter 5 presents the quantitative results
of the products of the toluene pyrolysis experiments that are described in Chapter 4; product
yields are presented, product formation mechanisms are shown, and yield trends with respect to
temperature and pressure are discussed.

Finally, Chapter 6 presents a summary of the

conclusions drawn from the results in Chapters 4 and 5 and recommends future work in
supercritical fuel pyrolysis research.
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Chapter 2. Literature Review
2.1 Introduction
To better understand the reaction mechanisms responsible for the production of solids in
the pre-combustion jet engine environment, a number of reactants representing components of
real-world jet fuels have been pyrolyzed under supercritical conditions. In the following section
previous studies of the pyrolysis of ntetradecane [23], methylcyclohexane [24], decalin [25],
nbutylbenzene [26], and 1methylnaphthalene [27] are presented to provide background
information in model fuel pyrolysis. Following that, a section will survey previous works with
toluene pyrolysis to establish a foundation to understand reaction mechanisms leading to the
formation of low-molecular-weight gaseous and PAH products (the precursors to solid deposits,
and the focus of this work) from this reactant.
2.2 Supercritical Pyrolysis of Model Fuels
In a study of n-tetradecane as a representative of n-alkane compounds in jet fuel, Song et
al. [23] investigated the pyrolysis of this reactant in a batch reactor at a constant temperature of
450 °C, pressures between 2 and 9 MPa, and residence times between 6 and 480 minutes. They
observed that lower-molecular-weight aliphatic products such as nalkanes and alkenes are the
first to form, followed by cycloalkanes, then alkylbenzenes, and finally alkylnaphthalenes.
Within the first 30 minutes, alkylated cyclohexanes and cyclopentanes were observed; after 60
minutes, there was a significant increase in alkylbenzene formation; and not until 150 minutes
was the onset of solid formation observed in the n-tetradecane pyrolysis environment.
In a study of methylcyclohexane as a representative of non-aromatic cyclic compounds in
jet fuel, Stewart et al. [24] pyrolyzed this reactant at a) constant temperatures ranging from 720
to 826 K, a constant pressure of 4.51 MPa, and a residence time of 48 sec and b) constant
pressures ranging from 0.3 to 9.90 MPA, a constant experimental temperature of 782 K, and a
residence time of 48 sec. The pyrolysis products included, but were not limited to, methane,
ethane,

propane,

1methyl1cyclohexene,
5

toluene,

methylnaphthalenes,

and

dimethylcyclopentane. Additionally, yields of alkylated cyclopentanes were observed to be
greater when methylcyclohexane was pyrolyzed in the supercritical phase than in the gas phase
[24]. Stewart noted that as pressure was increased at a constant experimental temperature of 782
K the formation of methylcyclopentane was favored over linear products resulting from ring
opening reactions because of what are known as “cage” effects.
Cage effects occur when a solute molecule is surrounded by solvent molecules, exerting
pressure on the solute molecule due to the high overall pressure of the reaction environment.
(This is in contrast to the gas phase, in which interactions between molecules are more accurately
characterized as infrequent collisions, as opposed to constant contact.)

In the case of

methylcyclohexane, in which the reactant itself acts as both solvent and solute, this effect
prevents the ring of the solute molecule from opening to form a linear product when one of its
carbon-carbon bonds is broken. Therefore, the space limitations of the surrounding solvent
molecules favor condensation reactions that form more compact products such as five- and
sixmembered rings [24], as opposed to linear, non-cyclic products. PAH products, formed from
additions of methylcyclohexane molecules or products of methylcyclohexane decomposition,
were also observed (the exact reaction pathways were not elucidated). Dehydrogenation of
methylcyclohexane was also found to occur in the supercritical methylcyclohexane pyrolysis
environment to form toluene. It should be noted that during the pyrolysis of methylcyclohexane
[24,28], along with the aforementioned ntetradecane, the observed products resulted from the
breaking of the carbon-carbon single bonds of the reactants.
A study of decalin, a non-aromatic two-ring C10H18 compound representative of fused
cyclic compounds in jet fuel, was conducted by Yu and Eser [25] at temperatures between 425
°C and 475 °C and pressures from 23 atm to 75 atm for residence times up to 120 min in a batch
reactor [25]. As with the supercritical pyrolysis of methylcyclohexane [24], pyrolysis of decalin
[25, 29] revealed that the C-C single bond of the cyclic compound does not stay intact under the
hightemperature conditions. Under high-pressure conditions, isomerization reaction products,
6

likely facilitated by cage effects, dominated the decalin pyrolysis environment whereas ring
opening reactions dominated at lowpressure conditions [25].
Yu and Eser [26] also investigated the effects of near-critical and supercritical conditions
on an aromatic model fuel. n-Butylbenzene, representative of onering aromatic compounds in
jet fuel, was pyrolyzed at temperatures between 400 °C and 475 °C and pressures between
17 atm and 86 atm in a batch reactor for up to 2 min. Styrene and toluene comprised the
majority of the liquid-phase products, while methane, ethane, ethylene, propane, and propylene
constituted the primary gas-phase products. At low pressures, styrene had higher yields than
toluene; while at high pressures, yields of toluene were observed to be greater than those of
styrene.

The formation of toluene from n-butylbenzene was also observed in experiments

conducted at 700 °C and 1 atm, using a tube pyrolysis reactor [30]. At high-pressure conditions,
products of the supercritical pyrolysis of nbutylbenzene participate in secondary reactions to
form larger and more stable products [26]. Unlike their study with decalin [25], where the C-C
bond was observed to break, the aromatic C-C bonds in n-butylbenzene and its pyrolysis
products stayed intact at the conditions of these experiments.
Walker [27,31] elucidated the reaction mechanisms leading to the formation of PAH
from the supercritical pyrolysis of 1-methylnaphthalene, a model fuel representative of two-ring
aromatic compounds found in jet fuel. This study was conducted in a tubular flow reactor at
temperatures between 550 °C and 600 °C, pressures between 50 atm and 110 atm, and residence
time of 140 sec. Walker observed the formation of lowmolecular-weight gaseous products, as
well as PAH products (The reaction mechanism leading to the formation of these products will
be further discussed in Section 2.3.). PAH consisting of up to 10 rings are explained as the result
of consecutive additions of intact, two-ring aromatic units to lower-ring-number PAH. Walker
also noted that the aromatic C-C bonds of 1methylnaphthalene and its pyrolysis products are too
strong to break even at the highest temperature and pressure conditions.

7

Therefore,

decomposition of higher-ring-number PAH to form lower-ring-number PAH does not occur at
the temperature and pressure conditions relevant to this work.
Previous studies of model fuels pyrolyzed at supercritical conditions have been reviewed,
and the reaction mechanisms for the formation of the lower-molecular-weight as well as PAH
products have been described. Supercritical pyrolysis of model aromatic fuels [26, 27, 31] at
temperatures < 700 °C revealed that the aromatic C-C bonds of the fuels and their pyrolysis
products are too strong to break; whereas pyrolysis studies of non-aromatic cyclic hydrocarbons
[25,29] as well as alkane [23] fuels showed that single C-C bonds break readily under similar
pyrolysis reaction conditions. From the work on supercritical pyrolysis of 1methylnaphthalene
[27], reaction pathways were proposed for the formation of higherringnumber PAH products
from lower-ring-number aromatic compounds. Such formation mechanisms, along with previous
work on the pyrolysis of toluene, are discussed in the following section.
2.3 Toluene Pyrolysis
In this section, a review of previous toluene pyrolysis studies is presented and discussed.
Additionally, reaction pathways for the formation of higher-ring-number PAH products from the
supercritical pyrolysis of 1-methylnaphthalene [27], supercritical pyrolysis of nbutylbenzene
[26], and pyrolysis of toluene [30, 32-34] are discussed to provide background information on
the reactions that occur during the pyrolysis of an aromatic model fuel.
Examination of the bond-dissociation energies of the toluene molecules provides
important insight into the reaction mechanisms possible at temperatures relevant to aircraft
cooling needs. The weakest bond is the methyl carbon-hydrogen bond, at 88.5 kcal/mole [35],
followed by the aromatic carbon-methyl/carbon bond, at 102.0 kcal/mole. Figure 2.1 illustrates
toluene and its bond-dissociation energies.
Because of the low bond-dissociation energy, unimolecular dissociation of the methylcarbon/hydrogen bond of toluene leads to the formation of benzyl and hydrogen radicals [37,38],
and these radicals become the initiators of other, secondary reactions (Unimolecular dissociation
8

of toluene is depicted in Scheme 2.1.). It should be understood that the other bonds of toluene
could also break unimolecularly to form radicals that can initiate further reactions; however,
because their bond-dissociation energies are higher than that of the methyl-carbon/hydrogen
bond, they are considered to break far less frequently through unimolecular reactions [30, 32].

H

88.5 kcal/mol
CH 2

102.0 kcal/mol
122.3 kcal/mol

112.9 kcal/mol

H

Figure 2.1 Molecular structure and bond-dissociation energies [35, 36] of toluene.

+

2.1

H

An analogous reaction takes place to form benzyl radicals in the pyrolysis of
nbutylbenzene [26], dissociation between the α-carbon and β-carbon of the butyl substituent,
which is illustrated below in Scheme 2.2. Yu and Eser [26] also stated that the formation of
benzyl radical is highly favored in the n-butylbenzene reaction environment because of its highly
resonancestabilized structure. As illustrated in Scheme 2.3, the radical located on the benzyl
unit can migrate from one position to another, thus lowering the overall energy of the radical
species through delocalization and creating a more resonance-stablized structure.

+

2.2

2.3
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Additionally,

1-methylnaphthalene

pyrolysis

[27]

showed

that

the

methyl-

carbon/hydrogen bond breaks to form hydrogen and 1-naphthylmethyl radicals, as illustrated in
Scheme 2.4. As with the methyl hydrogen of toluene, this bond is considerably weaker than
1methylnaphthalene’s other bonds.

+

2.4

H

To better understand the reaction pathways leading to the formation of hydrogen and
methane in toluene pyrolysis, Swarc [39] conducted experiments using a plug-flow reactor at
temperatures between 680 °C and 850 °C, at pressures between 2 and 15 mm Hg, and residence
times between 0.235 and 0.905 sec. This work showed that formation of hydrogen occurred by
abstraction of hydrogen atoms from toluene by hydrogen radicals. Additionally, it was noted
that hydrogen also formed from combination of two hydrogen radicals.
Methane from toluene pyrolysis is a product of two different reaction pathways [39].
One pathway, illustrated in Scheme 2.5, is initiated by a hydrogen radical attacking the aromatic
carbon bonded to the methyl group to produce a benzene molecule and a methyl radical.

H

+

+

H

CH3

2.5

The methyl radical then abstracts hydrogen from toluene, yielding a benzyl radical and the
product methane, as illustrated in Scheme 2.6. It should be noted that the methyl radical does not
need to exclusively abstract a hydrogen from methyl groups; it may abstract an aromatic
hydrogen to yield an aryl radical and methane [40,41]. The methyl radical can also combine
with a hydrogen radical to produce methane only.

+

CH3

CH 4

2.6

+
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Consequently, the first reaction pathway leading to the formation of methane (Schemes
2.1, 2.5, and 2.6) yields a methane molecule, a benzene molecule, and two benzyl radicals. The
second reaction pathway leading to the formation of methane in toluene pyrolysis is
unimolecular dissociation of the methyl group of toluene to form a methyl radical and a phenyl
radical [39]. The methyl radical then abstracts a hydrogen from another molecule to produce a
radical and methane (or combines with a hydrogen radical to produce methane only).
Similarly, 1-methylnaphthalene pyrolysis [27] showed that the reaction mechanisms
leading to the formation of methane (methyl radicals and 1-methylnaphthalene as the reactants)
are analogous to those described for the formation of methane in toluene pyrolysis.
In toluene pyrolysis [30,33,39,42], methyl addition to toluene molecules has been noted
to occur to form o-, m-, and p- xylene. Scheme 2.7 illustrates methylation of toluene to form mxylene (The other two isomers of xylene are formed by the same reaction pathway.). In this
reaction, a methyl radical attacks an aromatic carbon of toluene, then loss of hydrogen yields
xylene.

CH3

+

H

-H

2.7

CH3
Similarly, 1-methylnaphthalene pyrolysis [27] showed that the reaction mechanism
leading to the formation of dimethylnaphthalenes (illustrated in Scheme 2.8 with a methyl radical
and 1methylnaphthalene as the reactants and 1,7-dimethylnaphthalene as the product) is
analogous to that described for the formation of xylenes in toluene pyrolysis.

CH3

+

H

-H

2.8

Shukla et al. [34] pyrolyzed toluene in a heated tubular reactor at temperatures between
882 °C and 1194 °C, pressure at ~0.013 atm, and residence time of 0.56 sec. Additionally, a
11

second set of experiments at these conditions was performed with both benzene and toluene as
the reactants. At the lower temperatures, 882 °C and 969 °C, the reaction kinetics of toluene
pyrolysis without benzene favored recombination of radicals formed from toluene (phenyl,
benzyl, and methyl) to form the products ethylbenzene, styrene, diphenylmethane, bibenzyl,
biphenyl and terphenyl. The reaction mechanism leading to the formation of ethylbenzene was
determined to be recombination of a benzyl radical with a methyl radical (reaction illustrated in
Scheme 2.8); subsequent dehydrogenation of ethylbenzene led to the formation of styrene
(product of the second reaction illustrated in Scheme 2.9).

+

- 2H

CH 3

2.9

When benzene was introduced into the lower-temperature (882 °C and 969 °C) toluene
pyrolysis experiments of Shukla et al. [34], noticeable increases in the yields of the phenyladdition products biphenyl, terphenyl, and triphenylene were observed. Shukla et al. reported
that combination of a phenyl and benzene forms biphenyl (illustrated in Scheme 2.10a), and
subsequent phenyl addition to biphenyl yields terphenyl (illustrated in Scheme 2.10b).

In

Schemes 2.10a and 2.10b, the phenyl radical is formed from a radical abstracting a hydrogen
from benzene (product in Scheme 2.4). Because benzene (Scheme 2.4) and phenyl radical
(derivative of benzene) are products of toluene pyrolysis, it is also possible to produce biphenyl
and terphenyls by pyrolyzing toluene.

-H

+

2.10a

-H

+
12

2.10b

Although Shukla et al. [34] did not report the formation of alkylated biphenyls in their
toluene pyrolysis study, Lanuzel et al. [33] did report the formation of dimethylbiphenyl in their
toluene pyrolysis study, which was conducted as confined pyrolysis in gold cells at a constant
pressure 700 bar, at temperatures between 350 and 400 °C, and at times between 1 and 576 hr.
The reaction mechanism leading to the formation of a dimethylbiphenyl is combination of a tolyl
radical (with radical site located at the para position with respect to the methyl group) and a
toluene molecule. The tolyl radical attacks a toluene molecule, yielding a radical intermediate;
then that intermediate loses a hydrogen, producing a dimethylbiphenyl. Scheme 2.11 illustrates
the reaction mechanism leading to the formation of 4,4′-dimethylbiphenyl; other isomers of
dimethylbiphenyl are formed by the same reaction pathway.

2.11

+

Analogous to the reaction mechanism leading to the formation of biphenyl in toluene
pyrolysis (Scheme 2.10a) [30,34], 1-methylnaphthalene pyrolysis [27] showed that the reaction
between a naphthyl radical and naphthalene produces binaphthyl, as illustrated in Scheme 2.12.

H

+

-H

2.12

Using a single-pulse shock tube reactor, Colket and Seery [32] pyrolyzed 1% toluene in
argon at temperatures between 1200 and 2000 K , at total pressures of approximately 10 atm, and
residence times of approximately 600 µs. At temperatures between 1200 and 1300 K, benzene,
methane, hydrogen, and bibenzyl were the dominant products.

Other products identified

included biphenyl, indene, dimethyldiphenyl, diphenylmethane, stilbene, and naphthalene. They
observed that at temperatures between 1500 and 2000 K, yields of the previously stated products
13

started to decline, due to their participation in further reactions to form more thermally stable
products at higher-temperature conditions. For example, as Scheme 2.13 illustrates, the reaction
mechanism leading to the formation of bibenzyl is the recombination of two benzyl radicals
(products of reactions in Schemes 2.1 and 2.5) [32,33].

+

2.13

Bibenzyl has been identified as a precursor in the formation of phenanthrene in toluene
pyrolysis [30, 42], and the reaction mechanism leading to the formation of phenanthrene is
illustrated in Scheme 2.14. The loss of an aryl hydrogen from bibenzyl produces a radical; then
that radical attacks the carbon on the other aromatic ring to form a new six-membered ring.
Subsequent loss of hydrogen yields the final product phenanthrene.

-H

-H

- 2H

2.14

Phenanthrene can be attacked by a phenyl radical to form a phenylated phenanthrene.
The reaction mechanism leading to the formation of 4-phenylphenanthrene in toluene pyrolysis
[34] is illustrated in Scheme 2.15. Similar to the formation of terphenyl in Scheme 2.10b, a
phenyl radical attacking the carbon at the four position of phenanthrene yields a radical
intermediate, and then loss of hydrogen from that intermediate yields 4phenylphenanthrene.

+

-H

2.15

Colket and Seery [32] observed that benzyl radicals not only combine with other benzyl
radicals to form bibenzyl, but they can also attack benzene to form diphenylmethane. The
reaction mechanism leading to the formation of diphenylmethane is illustrated in Scheme 2.16.
14

As illustrated in Scheme 2.16, the precursors to diphenylmethane are a benzyl radical and
benzene unit. The initial reaction is the benzyl radical attacking benzene, with subsequent loss
of hydrogen to produce diphenylmethane.

-H

+

2.16

Supercritical 1methylnaphthalene pyrolysis [27] showed that a reaction between a
1naphthylmethyl radical and a naphthalene unit forms a radical intermediate, and subsequent
loss of hydrogen from that intermediate produces dinaphthylmethane, a compound structurally
similar to diphenylmethane and produced by essentially the same mechanism. The reaction
mechanism

leading

to

the

formation

of

one

isomer

of

dinaphthylmethane,

di(1naphthyl)methane, is depicted in Scheme 2.17.

H

+

-H

2.17

The reaction mechanism leading to the formation of fluorene in toluene pyrolysis has
been elucidated [32] and is illustrated in Scheme 2.18. The initial step is loss of a hydrogen from
one of diphenylmethane’s aromatic rings, forming a radical. The radical attacks the carbon on
the other aromatic ring to form a new five-membered ring; and finally loss of hydrogen from the
intermediate product yields the final product fluorene.

-H

-H

2.18

Dibenzofluorenes, structurally analogous to fluorene, are produced during the
supercritical pyrolysis of 1-methylnaphthalene [27]. In the same way that fluorene is formed in
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toluene pyrolysis (Scheme 2.18), the initial step in forming dibenzofluorenes is formation of
dinaphthylmethane (as shown in Scheme 2.17); then loss of hydrogen from one of the aromatic
carbons of dinaphthylmethane yields a radical intermediate. Next the radical attacks the carbon
on the other aromatic ring to form a new five-membered ring between the two naphthalene units,
and finally loss of hydrogen yields a dibenzofluorene. The reaction mechanism leading to the
formation of dibenzo[a,i]fluorene is illustrated in Scheme 2.19 as an example.

-H

-H

2.19

Additionally, 1,1′-binaphthyl (one of the binaphthyls produced in supercritical
1methylnaphthalene pyrolysis and illustrated above in Scheme 2.11) can undergo further
reactions to produce benzo[j]fluoranthene, as illustrated in Scheme 2.20.

First, a naphthyl

radical attacks naphthalene to form binaphthyl (Scheme 2.11); then loss of hydrogen from
1,1′binaphthyl yields a radical intermediate; then that radical attacks a carbon from the opposite
aromatic ring to form a new five-membered ring; and finally loss of hydrogen yields the final
product benzo[j]fluoranthene.

-H

-H
Methylated

PAH

products

in

1-methylnaphthalene

2.20
pyrolysis

such

as

methyldibenzo[a,i]fluorene and methylbenzo[j]fluoranthene were also observed and discussed
[27] as final products of reactions between alkylated aromatic precursors. For example, the
reaction mechanism leading to the formation of benzo[j]fluoranthene (Scheme 2.20) is an attack
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on naphthalene by a naphthyl radical followed by further reactions to produce a new fivemembered ring. However, if the reactants are 1methylnaphthalene and a naphthyl radical, the
product is methylated. As illustrated in Scheme 2.21, after the naphthyl radical adds to the four
position of 1methylnaphthalene, a methylated binaphthyl is formed; dehydrogenation of this
intermediate yields a methylated benzo[j]fluoranthene.

- 2H

-H

+

2.21

Analogously, addition of a five-membered ring to a methylated di-(1-naphthyl)-methane
(methylated derivative of the product shown in Scheme 2.17) leads to the formation of
methylated dibenzo[a,i]fluorene and is illustrated in Scheme 2.22.

The initial step is the

formation of a methylated di-(1-naphthyl)-methane by naphthylmethyl radical addition to
1methylnaphthalene. Next the methylated di-(1-naphthyl)-methane loses a hydrogen to yield a
radical intermediate, and then the radical attacks a carbon on the other aromatic ring to form a
new five-membered ring. Finally, hydrogen loss yields a methylated dibenzo[a,i]fluorene.

-H

+

-H

-H

2.22

In addition to the reaction mechanism for the formation of phenanthrene in Scheme 2.14,
the reaction mechanism leading to the formation of phenanthrene’s isomer anthracene has been
elucidated [32] for toluene pyrolysis and is illustrated in Scheme 2.23. The initial step is the
formation of 2methyldiphenylmethane, in a mechanism analogous to the formation of
diphenylmethane in Scheme 2.16 except that the reactants are benzyl and toluene instead of
benzyl

and

benzene.

Next,

loss

of

a
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hydrogen

from

the

methyl

group

of

2-methyldiphenylmethane yields a radical intermediate, which attacks a carbon on the other
aromatic ring to form the new sixmembered ring. Subsequent sequential loss of hydrogen from
the resulting 9,10-dihydroanthracene results in the final product, anthracene.

-H

-H

- 2H

2.23

From the experimental pyrolysis studies of toluene [30,32-34,42,43], nbutylbenzene
[26], and 1-methylnaphthalene [27], the formation of low-molecular-weight gaseous products are
attributed to reactions either between hydrogen and alkyl radicals or between two alkyl radicals.
Similarly, the observed PAH products from the supercritical pyrolysis of these fuels through
reactions between the model fuel and radicals in the reaction environment.

The reaction

pathways discussed in this section for the formation of PAH products from toluene and
1-methylnaphthalene will be used to understand the formation of aromatic and PAH products in
the present supercritical toluene pyrolysis study.

2.4 Conclusion
The pyrolysis experiments conducted on aliphatic [23,24] and aromatic [26,27,32,39,42]
model fuels, as representative components in real-world jet fuels, at high-temperature and/or
high-pressure conditions showed that the initial reaction is the unimolecular decomposition of
the model fuel to form radical species that initiate further reactions to form high-molecularweight products. In toluene pyrolysis, benzyl, hydrogen, phenyl, and methyl radicals are the first
radicals to form; and these radicals participate in further reactions to form both small
hydrocarbons (e.g. hydrogen and methane) and PAH (e.g. fluorene, anthracene, and
phenanthrene). Shukla et al. [34] showed that the addition of benzene into a pure toluene system
influenced key product yields and/or product selectivities; therefore, when toluene decomposes
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and/or reacts to form aromatic products, these products can participate in further reactions to
form higher-molecular-weight products.
Pyrolysis studies of n-butylbenzene [26], 1-methylnaphthalene [27], and toluene [30,3234,42,43] determined reaction pathways leading to the formation of PAH products that will be
used in Chapter 5 to elucidate reaction pathways leading to the formation of products observed in
this study of supercritical toluene pyrolysis.
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Chapter 3. Experimental Methods and Analytical Techniques
3.1 Introduction
In this chapter, the experimental apparatus used for the supercritical pyrolysis of toluene
at temperatures of 550 to 685 °C, pressures of 50 to 100 atm, and at a residence time of 140 sec
will be described. Additionally, a description of the analytical techniques used to identify and
quantify the products formed in the supercritical toluene pyrolysis environment, will follow.
These techniques include gas chromatography with flame-ionization detection and mass
spectrometry, as well as high-pressure liquid chromatography with diode-array ultraviolet-visible
absorbance detection and mass spectrometry.

3.2 Supercritical Fuel Pyrolysis Reactor System
The supercritical toluene (critical temperature, 319 ºC; critical pressure, 41 atm) pyrolysis
experiments were conducted in an isothermal, isobaric reactor designed by Davis [18] and
previously used by Bagley [22], Stewart [29], Walker [27], Ledesma et al. [42], and McClaine et

al. [44] for supercritical pyrolysis of other model fuels. The reactor system, illustrated in Figure
3.1, consists of three basic parts: a fuel delivery pump, a heated reaction zone, and a product
collection apparatus. Each of these parts is explained in this section.
Prior to an experiment, the reactant is sparged with nitrogen for three hours to remove
any dissolved oxygen that could introduce auto-oxidative effects to the reaction system [45].
Once the oxygen is removed, the sparged fuel is loaded into a high-pressure syringe pump for
delivery of the fuel to the reactor.
As illustrated in Figure 3.1, the silica-lined stainless steel tubing of the reactor extends
upstream and downstream of the fluidized alumina bath and passes through a water-cooled
(25 °C) shell-and-tube heat exchanger immediately before entering and after exiting the heated
area. This configuration ensures a controlled thermal history for the reactants and a consistent,
constant residence time in the alumina bath during each experiment.
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After passing through the downstream side of the heat exchanger, the quenched reaction products
and unreacted toluene pass through a stainless-steel filter (hole size, 10 µm) to trap any solids
that may have formed inside the reactor, then pass through a dome-loaded back pressure
regulator which maintains constant pressure inside the reactor. The products and unreacted fuel
then proceed to the liquid- and gas-phase product collection apparatus, where they are separated
by phase for later analysis. Note that the unreacted toluene will be collected almost exclusively
in the liquid phase; throughout this work, the “liquid-phase products” will be understood to
include unreacted toluene. As indicated in Figure 3.1, the gas and liquid separator of the product
collection apparatus is immersed in an ice-water bath to ensure a consistent separation of phases
in each run.
Experimental conditions were determined to mimic as closely as possible the conditions
to which real-world jet fuels will be exposed in future-generation high-speed aircraft, conditions
that could be as high as 150 atm and 700 °C for exposure times on the order of minutes [1]. A
residence time of 140 sec was chosen for the toluene pyrolysis experiments to approximate this
exposure time and to be consistent with previous studies on model fuels in this reactor system
[22,27,42,44]. This time was set in the reactor system by the flowrate of the high pressure pump
(50 mL/hr) and the length of the reactor tubing (53 cm) that is immersed in the fluidized alumina
bath.
Two sets of experimental runs were performed, with either temperature or pressure as the
independent variable. In the first set, six runs were performed at a constant pressure of 100 atm,
a fixed residence time of 140 sec, and at constant temperatures of 550, 600, 625, 650, 675, and
685 °C. In the second set, four runs were performed at a constant temperature of 685 °C,
residence time of 140 sec, and constant pressures of 50, 70, 90, and 100 atm.
These parameters were chosen to determine the effects of varying temperature and pressure on
toluene pyrolysis product yields at conditions relevant to the problem of solids formation in the
pre-combustion environment. While more severe conditions are envisioned as possible, such
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conditions cause toluene to form solids in quantities so great that they clog the reactor tubing,
stopping the flow of the reactant through the reactor. (Prior to the two sets of experiments which
were performed, several others were done to determine the conditions at which high quantities of
PAH would be produced without producing solids in amounts too high to perform experimental
runs.)

3.3 Product Analysis
As stated above, the gas and liquid products of each supercritical toluene pyrolysis
experiment are separated and collected during the experiment. Gaseous reaction products are
analyzed by gas chromatography (GC) with flame-ionization detection (FID), while liquid
products are analyzed by GC/FID coupled to mass spectrometry (MS) as well as by highpressure liquid chromatography (HPLC) with diode-array ultraviolet-visible absorbance
spectroscopy (UV) and mass spectrometry.

In the following three sections, the analytical

techniques used to analyze gas- and liquid-phase products of supercritical toluene pyrolysis will
be discussed. Analyses of gas- and liquid-phase products by GC are covered in Sections 3.3.1
and 3.3.2, respectively. Details of the HPLC/UV/MS analysis of the liquid-phase products will
be covered in Section 3.3.3.

3.3.1 Gas-Phase Product Analysis by Gas Chromatography
During each experiment, gas-phase products are collected in a Teflon sampling bag,
diluted in nitrogen, and injected onto an Agilent model 6980 GC/FID. Separation is achieved
with a GS-GasPro fused silica capillary column (length, 30 m; inside diameter, 0.32 mm)
manufactured by J&W Scientific. The carrier gas is helium at a flowrate of 5 mL/min. The
injection volume is 1 mL, and the split flow ratio is 5:1. The oven temperature is initially held at
35 ºC for 2 min, then ramped to 100 °C at a rate of 5 °C/min, then ramped to 240 °C at a rate of
10 °C/min and held at that temperature for an additional 10 minutes.
Products are identified by matching elution times to those of reference standards.
Products are quantified by multiplying FID peak areas by response factors (RF). These response
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factors were determined by injecting a reference standard for each identified gas-phase product
at a known concentration into the GC/FID. Several reference standards were injected at more
than one concentration to confirm that products were injected onto the column at quantities
within the linear range of the FID detector and that the RF of these compounds had also been
determined within this linear range.

3.3.2 Liquid-Phase Product Analysis by Gas Chromatography
Gas chromatography (GC) with flame ionization detection (FID) coupled to mass
spectrometry (MS) is used to identify and quantify products in the liquid phase. Products in the
liquid phase were collected during each experiment, then diluted in dichloromethane and injected
into the GC/FID/MS. Separation is achieved by using J&W Scientific HP-5MS fused silica
capillary columns (length, 30 m; inner diameter, 0.25 mm) for both FID and MS analyses. An
injection volume of 2 µL of the diluted sample is injected into the GC for FID analysis; up to 4
µL of the diluted sample is injected into the GC for MS analysis. The split ratio is 5:1. The oven
is initially maintained at a temperature of 40 °C for 3 minutes, then ramped to 280 °C at a rate of
4 °C/min and held at that temperature for an additional 30 minutes.
Products are identified by examination of their mass spectra and comparison of elution
times to those of reference standards. Quantification of the products is achieved by multiplying
the FID peak area of each compound by a response factor; the response factors were determined
by injecting reference standards of each identified compound at five different concentrations into
the GC/FID/MS.

3.3.3 Liquid-Phase Product Analysis by High-Pressure Liquid Chromatography
An Agilent Technologies Model 1100 HPLC with diode-array ultraviolet-visible (UV)
absorption detector coupled to a mass spectrometer is used to separate and identify polycyclic
aromatic hydrocarbons (PAH) among the liquid-phase products. As will be explained below,
UV spectroscopy and mass spectrometry are detection tools ideally suited for the identification
of PAH products. In preparation for analysis, an aliquot of the products in the liquid phase is
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first diluted with dimethyl sulfoxide, and then the diluted liquid-phase products are injected onto
a Restek reverse-phase Pinnacle II PAH C18 column (250 mm x 2.1 mm; particle size of 4 µm;
pore size of 100 Å) with an injection volume of 4 µL. The time-programmed HPLC solvent
method uses a sequence of acetonitrile (ACN), water, and dichloromethane (DCM) at a constant
flowrate of 0.2 mL/min. Figure 3.2 illustrates, as functions of time, the concentrations of the
different solvents used in this method.
After exiting the column, the separated product components pass through the diode-array
UV detector, set to monitor UV absorbance between 190 to 520 nm, and then the atmosphericpressure photoionization mass spectrometer. The mass spectrometer utilizes a benzene dopantdelivery system [46] in order to enhance the mass signals of the analyte. Because photons
emitted by the discharge lamp of the mass spectrometer are depleted by reactions with the
mobile-phase solvents [46], adding a suitable photoionizable substance such as benzene to the
solvent and analyte at the point where the solvent and analyte enter the mass spectrophotometer
significantly increases the number of ions, thereby enhancing the mass signals of the analytes
[47, 48]. Further information on the concept of dopant usage in mass spectrometry can be found
in the studies by Raffaelli [46] and Ehrenhauser[49].
Identification of the products is achieved by using ultraviolet-visible (UV) absorbance
spectroscopy and mass spectrometry.

Because each PAH compound has a unique UV

absorbance spectrum, it is possible to establish the exact structure of a PAH by comparing its UV
spectrum to an available reference spectrum.

Reference spectra are available for every

unsubstituted PAH (PAH without substituent groups attached to the aromatic structure)
identified in this work; however, several products do have alkyl substituents attached to the
aromatic structure. Given the large number of positions available for an alkyl group to attach to
a PAH, reference spectra of alkylated PAH are often not available. In such cases, a combination
of both UV spectroscopy and mass spectrometry is utilized for the identification of these
products.
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Figure 3.2 Solvent method used for analysis of the products in the liquid phase by
HPLC/UV/MS. The flow of solvent is held constant at 0.2 mL/min throughout the separation.
The color red indicates acetonitrile, blue indicates water, and green indicates dichloromethane.
Previous studies [50, 51] have shown that the UV spectra of alkylated PAH retain the
same features as those of their unsubstituted parent PAH, while being shifted a few nm to higher
wavelengths—with position(s) and length(s) of the substituent(s) determining the details of the
shift [50, 51]. Therefore, the aromatic structures of PAH products may be identified by their UV
spectra; mass spectrometry, which gives the molecular weight and hence the CxHy formula of the
product, allows the determination of the number of alkyl carbons present in the substituent
group(s) to be made. In the case of the products identified in this work, the substituent groups
are limited to one or more methyl groups. Note that mass spectra and hence molecular weights
and the CxHy formulas are also available for products identified by their UV spectra as
unsubstituted PAH; in these situations the MS just confirms consistency with the UV-based
identifications.
Quantification of the identified products is achieved by multiplying the integrated UV
absorbance peak areas by response factors (RF), determined by injecting reference standards at
five different concentrations.

Pure reference standards were not available for every PAH
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identified; however, when the UV absorbance is integrated over the entire range of wavelengths
over which a PAH absorbs, the integrated UV absorbance per mass varies very little from one
PAH to another [52]. Therefore, for a product that did not have an available reference standard,
the RF of a structurally related PAH (of the nearest molecular weight) for which a RF was
available was used instead.
Response factors for methylated products for which reference standards are not available
are calculated by multiplying the mass-based RF of the parent compound by a correction factor
equal to the molecular weight of the product, determined by MS, divided by the molecular
weight of the parent compound. This calculation is justified by the fact that the integrated UV
response of a PAH and its methylated derivatives are the same on a molar basis [51].
Since the number of possible PAH isomers grows exponentially with increasing ring
number [53], the HPLC/UV/MS technique is particularly well suited for analyzing the large PAH
molecules which are precursors to fuel-line carbonaceous solids. The HPLC separates each
product component; the UV spectrum permits the designation of the aromatic structure of the
product component; and the mass spectrum establishes the CxHy formula of the product, its
molecular weight and any substituent groups attached to the aromatic structure.

3.4 Concluding Remarks
The experimental apparatus used to conduct the toluene supercritical pyrolysis
experiments has been presented in detail in Section 3.2, and the analytical techniques employed
to analyze the gas- and liquid-phased products resulting from the pyrolysis experiments have
been described in Section 3.3. In the next chapter, application of the analytical techniques is
demonstrated by presenting the identification of the products of the supercritical toluene
pyrolysis experiments, along with the UV and mass spectral evidence for these identifications.
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Chapter 4. Identification of Products of Supercritical Toluene Pyrolysis
4.1 Introduction
In this chapter, evidence for the identification of the products from supercritical toluene
pyrolysis is presented. As described in the previous chapter, the gaseous products and liquid
products are collected separately in each experimental run. The identification of gas-phase light
hydrocarbons is determined by gas chromatography (GC) with flame-ionization detection (FID),
and will be discussed first in Section 4.2. The identifications of the products in the liquid phase
is accomplished using gas chromatography with flame-ionization detection (FID) and mass
spectrometry (MS) and high-pressure liquid chromatography (HPLC) with diode-array
ultraviolet-visible detection (UV) and mass spectrometry. The identification from GC/FID/MS
analysis will be presented in Section 4.3, and those from HPLC/UV/MS will follow in Section
4.4.

4.2 Identification of Gas-Phase Products by Gas Chromatography
Gas-phase products are collected during each experimental run and analyzed using gas
chromatography; they are identified by matching their elution times to those of reference
standards. Products identified in the gas-phase include methane, ethane, ethylene, propane,
propylene, and benzene. Table 4.1 displays the molecular formulas, molecular weights, and
molecular structures of the identified gas-phase products.

4.3 Identification of Liquid-Phase Products by Gas Chromatography
The liquid-phase products are collected during each experimental run and analyzed by
gas chromatography for the determination of the aromatic products with three or fewer aromatic
rings. These products are identified by matching their elution times to those of reference
standards and by examination of their mass spectra.
One-ring aromatic products identified include benzene, toluene, styrene, ethylbenzene,

oxylene, m-xylene, and pxylene; two-ring aromatic products identified include biphenyl,
diphenylmethane,

2methylbiphenyl,

3methylbiphenyl,
28

4methylbiphenyl,

bibenzyl,

2,2′dimethylbiphenyl, 3,3′dimethylbiphenyl, and 4,4′dimethylbiphenyl; and three-ring PAH
products identified include fluorene, phenanthrene, anthracene, and 1-methylfluorene.

The

molecular formulas, molecular weights, and molecular structures of the identified one-ring
aromatic compounds are displayed in Table 4.2 (benzene is present in both the gas and liquid
phase); identified two-ring aromatic products are displayed in Table 4.3; and identified three-ring
PAH products are displayed in Table 4.4.

Table 4.1 Gas-phase products of supercritical toluene pyrolysis, analyzed by GC/FID.
Compound Molecular
Formula

Molecular
Weight (Da)

Molecular
Structure

Methane

CH4

16.04

CH4

Ethane

C 2 H6

30.07

H3C-CH3

Ethylene

C 2 H4

28.05

H2C=CH2

Propane

C 3 H8

44.10

Propylene

C 3 H6

42.08

Benzene

C 6 H6

78.11

*Benzene is present in both the gas and liquid phases.
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Table 4.2 Liquid-phase one-ring aromatic products of supercritical toluene pyrolysis, analyzed
by GC/FID/MS.
Compound

Molecular
Formula

Molecular
Weight (Da)

Benzene

C 6 H6

78.11

Toluene

C 7 H8

92.06

Styrene

C 8 H8

104.06

Ethylbenzene C8H10

106.08

o-Xylene

C8H10

106.08

m-Xylene

C8H10

106.08

p-Xylene

C8H10

106.08

Molecular
Structure

*Benzene is present in both the gas liquid phases.
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Table 4.3 Liquid-phase two-ring aromatic hydrocarbon products of supercritical toluene
pyrolysis, analyzed by GC/FID/MS.

Compound

Molecular
Formula

Molecular
Molecular
Weight (Da) Structure

Biphenyl

C12H10

154.08

Diphenylmethane

C13H12

168.09

2-Methylbiphenyl

C13H12

168.09

3-Methylbiphenyl

C13H12

168.09

4-Methylbiphenyl

C13H12

168.09

Bibenzyl

C14H14

182.11

2,2′-Dimethylbiphenyl

C14H14

182.11

3,3′-Dimethylbiphenyl

C14H14

182.11

4,4′-Dimethylbiphenyl

C14H14

182.11
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Table 4.4 Liquid-phase three-ring PAH products of supercritical toluene pyrolysis, analyzed by
GC/FID/MS.
Compound
Fluorene

Molecular
Formula
C13H10

Molecular
Weight (Da)
166.08

Phenanthrene

C14H10

178.08

Anthracene

C14H10

178.08

1-Methylfluorene

C14H12

180.09
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Molecular
Structure

4.4 High-Pressure Liquid Chromatography
High-pressure liquid chromatography (HPLC) with diode-array ultraviolet-visible (UV)
spectroscopy coupled to mass spectrometry (MS) was used to identify products in the liquid
phase; products are identified by comparison of their elution times and UV spectra to those of
reference standards and by examination of their mass spectra.
HPLC/UV/MS analysis provided the identification of 53 hydrocarbon products, of which
18 are also identified by GC/FID/MS (discussed in Section 4.3) and 22 are reported here for the
first time as products of toluene pyrolysis. An HPLC chromatogram with the 53 identified
products of supercritical toluene pyrolysis from the experiment conducted at 685 °C, 100 atm,
and 140 sec is displayed in Figure 4.1.
Ethylbenzene, o-xylene, m-xylene, and p-xylene, eluting at 22.1, 21.5, 22.4, and 22.7
min, respectively, in the chromatogram of Figure 4.1, are identified as products by matching the
products’ UV spectra and elution times to those of reference standards. Comparisons of the UV
spectra of these products to those of the appropriate reference standards are displayed in Figure
4.2. These products, also been identified in this study by GC/MS (Table 4.2), have also been
identified in other toluene pyrolysis studies [30,33,34].
Biphenyl, 2-methylbiphenyl, 3-methylbiphenyl, and 4-methylbiphenyl, eluting at 25.6,
28.2, 28.7, and 30.0 min, respectively, in the chromatogram in Figure 4.1, are identified by
matching the products’ UV spectra and elution times to those of reference standards. The mass
spectra of these products are also consistent with these identifications. Comparisons of the UV
spectra of biphenyl and its methylated derivatives to the spectra of appropriate reference
standards are displayed in Figure 4.3, along with the products’ mass spectra and their deduced
molecular structures.

There are three methylated biphenyl isomers (2-, 3-, and 4-

methylbiphenyl), and all three are identified as products of supercritical toluene pyrolysis. These
products, also identified in this study by GC/MS (Table 4.3), have also been identified in other
toluene pyrolysis studies [30,33,34,43,54].
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Figure 4.1 Reverse-phase HPLC chromatogram of the products of supercritical toluene pyrolysis
at 685 °C, 100 atm, and 140 sec. Structures of the identified products are designated by color,
according to product group. Purple: one-ring aromatics; black: biphenyl, methylbiphenyls, and
dimethylbiphenyls; teal: bibenzyl, diphenylmethane, and methyldiphenylmethane; medium
green: fluorene and methylfluorenes; red: anthracene, phenanthrene, methylphenanthrenes, and
cyclopenta[def]phenanthrene; brown:
methylphenylfluorenes; dark green:
methylated
terphenyls; dark blue: unmethylated phenylphenanthrenes, methylated phenylphenanthrenes,
unmethylated phenylanthracenes, and methylated phenylanthracenes; gray: unmethylated
benzofluoranthenes and methylated benzofluoranthenes; bright blue: indeno[1,2-b]fluorene; and
pink: unmethylated naphthofluorenes and methylated naphthofluorenes
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Figure 4.2 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 22.1 min, b) 21.5 min, c) 22.4 min, and d) 22.7 min in the chromatogram of
Figure 4.1, to those of reference standards (dashed lines). Identified products are a)
ethylbenzene, b) o-xylene, c) m-xylene, and d) p-xylene. Included in each figure is the
molecular structure of the identified product.
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Figure 4.3 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 25.6 min, b) 28.2 min, c) 28.7 min, and d) 30.0 min in the chromatogram of
Figure 4.1, to those of reference standards (dashed lines). Identified products are a) biphenyl, b)
2-methylbiphenyl, c) 3-methylbiphenyl, and d) 4-methylbiphenyl. Included in each figure are
the product component’s mass spectrum (as inset) as well as the molecular structure of the
identified product.
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2,2′-Dimethylbiphenyl, 3,3′-dimethylbiphenyl, and 4,4′dimethylbiphenyl, eluting at 31.3,
31,5, and 35.2 min, respectively, in the chromatogram of Figure 4.1, are identified by matching
the products’ UV spectra and elution times to those of appropriate reference standards. The mass
spectra of these products are also consistent with these identifications. Comparisons of the UV
spectra of 2,2′dimethylbiphenyl, 3,3′-dimethylbiphenyl, and 4,4′-dimethylbiphenyl to those of
appropriate reference standards are displayed in Figures 4.4a, 4.4b, and 4.4c, along with the
products’ mass spectra and their deduced molecular structures. These products, also identified in
this study by GC/MS (Table 4.3), have also been identified in other toluene pyrolysis studies
[30,33,43].
One product, a dimethylated biphenyl, for which the exact positions of the two methyl
groups are unknown, eluting at 32.5 min in the chromatogram in Figure 4.1, is identified by
comparison of the product’s UV spectrum to that of biphenyl and by examination of its mass
spectrum. The UV spectrum of the product, shown in Figure 4.4d, displays UV absorbance
features similar to that of biphenyl but shifted a few nm to higher wavelengths. The shift of the
UV spectrum of this product from that of biphenyl is the result of an alkyl substituent group or
groups—consistent with the findings published by Fetzer [54] and Jones [51] and discussed in
Section 3.3.3 on the effects of alkyl substituents on the UV spectra of aromatic molecules.
Examination of the product’s mass spectrum (displayed as an inset in Figure 4.4d) reveals a
molecular weight of 182 Da, indicating two methyl groups attached to the aromatic structure, and
allowing the identification of this product as a dimethylated biphenyl. Note that the product’s
UV and mass spectra are also consistent with identification of an ethylated biphenyl but for
reasons explained in the next chapter (Chapter 5.4.1) ethyl substituents are considered far less
likely to be formed in the reaction environment than methyl substituents.
Diphenylmethane and one methylated diphenylmethane (for which the position of the
methyl group is not known), eluting at 25.7 and 28.8 minutes, respectively, in the chromatogram
of Figure 4.1, are identified by comparing the products’ UV spectra to that of a reference
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standard of diphenylmethane. Shown in Figures 4.5a and 4.5b are comparisons of the UV
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Figure 4.4 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 31.3 min, b) 31.5 min, c) 35.2 min, and d) 32.5 min in the chromatogram of
Figure 4.1, to UV spectra of reference standards (dashed lines). The reference standards are of a)
2,2′-dimethylbiphenyl, b) 3,3′-dimethylbiphenyl, c) 4,4′dimethylbiphenyl, and d) biphenyl.
Identified products are a) 2,2′-dimethylbiphenyl, b) 3,3′-dimethylbiphenyl, c) 4,4′
dimethylbiphenyl, and d) a dimethylated biphenyl. Relative to the reference spectrum of
biphenyl, the spectrum of the product component in (d) is shifted to higher wavelengths, a result
of two methyl groups that are attached to the biphenyl structure but at unknown positions.
Included in each figure are the product component’s mass spectrum (as inset) as well as the
molecular structure of the identified product.
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Diphenylmethane is identified by matching the product’s UV spectrum and elution time to that
of the reference standard. The mass spectrum of this product is not available because this
product does not exhibit a mass signal on the mass spectrometer used in the analysis. A
reference standard of diphenylmethane also failed to exhibit a mass signal. No clear reason for
this product, as well as one other (noted below), not exhibiting a mass signal was determined.
However, given the elution time and UV spectral evidence, along with the identification of this
product by GC/MS analysis, this product can be confidently identified. Diphenylmethane has
also been identified in previous toluene pyrolysis studies [33,34].
The methylated diphenylmethane is identified by comparison of the UV spectrum of the
toluene product component eluting at 28.8 min in the chromatogram of Figure 4.1 to the UV
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Figure 4.5 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 25.7 min and b) 28.8 min in the chromatogram of Figure 4.1, to that of a
reference standard (dashed lines) of diphenylmethane.
Identified products are a)
diphenylmethane and b) a methylated diphenylmethane. Relative to the reference spectrum of
diphenylmethane, the spectrum of the product component in (b) is shifted to higher wavelengths,
a result of a methyl group that is attached to the diphenylmethane structure but at an unknown
position. The mass spectrum of the product component is displayed in the inset of (b). Included
in each figure is the molecular structure of the identified product.
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Analogous to the case of the dimethylated biphenyl identification in Figure 4.4d, the UV
spectrum of the product shown in Figure 4.5b displays UV absorbance features similar to those
of diphenylmethane, but shifted a few nm to higher wavelengths, indicating an alkylated
diphenylmethane. Examination of the product’s mass spectrum reveals a molecular weight of
182 Da, indicating a single methyl group attached to the aromatic structure, and allowing the
identification of this product as a methylated diphenylmethane. 4-Methyldiphenylmethane has
been identified in a previous toluene pyrolysis study [33].
Bibenzyl, eluting at 29.7 minutes in the chromatogram of Figure 4.1, is identified by
matching the product component’s UV spectrum and elution time to those of a bibenzyl
reference standard. Comparison of the UV spectrum of the product to that of a reference
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standard of bibenzyl is displayed in Figure 4.6, along with the molecular structure of bibenzyl.
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Figure 4.6 Comparison of the UV spectrum of the supercritical toluene pyrolysis product (solid
line) eluting at 31.2 min in the chromatogram of Figure 4.1, to that of a reference standard
(dashed line) of bibenzyl. Included in the figure is the molecular structure of the identified
product.

Neither the product nor the reference standard of bibenzyl gives a mass signal on the mass
spectrometer used for this analysis, but elution time and UV spectral evidence, along with the
identification of this product by GC/MS (Table 4.3) are considered sufficient for the
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identification of this product. This product has also been identified in previous toluene pyrolysis
studies [30,32,33].
It must be noted that there are ten possible bitolyl isomers with a molecular weight of 182
Da (1,1-diphenylethane is also in this isomer family; however, it doesn’t form directly from two
toluene units and thus not likely to be found among the products). The ten bitolyl isomers
include six dimethylbiphenyl isomers, three methyldiphenylmethane isomers, and bibenzyl.
However, in both GC/FID/MS and HPLC/UV/MS analyses, only six isomers, four
dimethylbiphenyls, one methyldiphenylmethane, and bibenzyl—have been identified, leaving
five isomers unidentified. Because the reference standards of all ten isomers were not available,
a conclusive statement that the four remaining bitolyl isomers are not among the products of
supercritical toluene pyrolysis cannot be made because these isomers may co-elute with the
identified isomers.
Fluorene, 4-methylfluorene, and a methylated fluorene, for which the exact position of
the methyl group is unknown, eluting at 27.4, 30.7, and 32.7 minutes, respectively, in the
chromatogram of Figure 4.1, are identified by comparing the products’ UV spectra to those of
reference standards. In Figure 4.7, comparisons of the UV spectra to those of the appropriate
reference standards, mass spectra, and molecular structures are shown for these three products.
In Figures 4.7a and 4.7b, fluorene and 4-methylfluorene are identified by matching the products’
UV spectra to appropriate reference spectra. The mass spectra of these product components are
also consistent with these identifications. (The UV spectrum of fluorene was obtained from a
reference standard; and the UV spectrum of 4methylfluorene was obtained from a published UV
spectrum [55].) The mass spectra of the product components are also consistent with the
UV-based identifications. The methylated fluorene, for which the position of the methyl group is
not known, is identified in Figure 4.7c by comparison of the product’s UV spectrum to that of
fluorene and by examination of its mass spectrum. Analogous to the case of the methylated
diphenylmethane identification in Figure 4.5b, the UV spectrum of the product shown in Figure
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4.7c displays UV absorbance features similar to those of fluorene but shifted a few nm to higher
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Figure 4.7 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 27.4 min, b) 30.7 min, and c) 32.7 min in the chromatogram of Figure 4.1, to
UV reference spectra (dashed lines). In (a) and (c), the reference spectra are each the UV
spectrum of a reference standard of fluorene. In (b), the reference spectrum is that published for
4-methylfluorene [8]. Identified products are a) fluorene, b) 4-methylfluorene, and c) a
methylated fluorene. Included in each figure are the product component’s mass spectrum (as
inset) as well as the molecular structure of the identified product.
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Examination of the product’s mass spectrum reveals a molecular weight of 180 Da, or 14 Da
greater than that of fluorene, indicating a single methyl group attached to the aromatic
structure and allowing the identification of this product as a methylated fluorene. Fluorene has
been identified in previous toluene pyrolysis studies [30,32,43,56]. A methylated fluorene, for
which the exact position of the methyl group is not known, has been reported in a previous study
of the co-pyrolysis of toluene with styrene, butadiene, and tetralin [57]. 4-Methylfluorene, for
which the exact position of the methyl group is known, is reported here for the first time as a
product of toluene pyrolysis.
1-Methylfluorene and cyclopenta[def]phenanthrene, co-eluting at 31.4 min in the
chromatogram of Figure 4.1, are identified by matching the UV spectrum of the two coeluting
products to the combined spectra of the appropriate reference standards. Illustrated in Figure 4.8
are comparisons of the UV spectrum of the co-eluting products to the UV spectra of reference
standards of a) 1-methylfluorene and b) cyclopenta[def]phenanthrene. Figure 4.8a reveals that
the UV spectrum of the co-eluting products shows UV absorbance maxima at 210, 264, 290, and
298 nm, which correspond to the UV absorbance maxima of 1-methylfluorene. In Figure 4.8b,
the UV spectrum of the two co-eluting products shows that the UV absorbance maxima at 252,
290, and 298 nm correspond to the UV absorbance maxima of cyclopenta[def]phenanthrene. In
Figure 4.8c, the UV spectrum of the co-eluting products is shown with the summed spectra of the
1-methylfluorene and cyclopenta[def]phenanthrene reference standards. The near coincidence of
the two spectra in Figure 4.8c confirms that the two products co-eluting at 31.4 min in Figure 4.1
are indeed 1-methylfluorene and cyclopenta[def]phenanthrene.

As evident in the insets of

Figures 4.8a and 4.8b, the mass spectrum of the co-eluting products reveals molecular weights of
180

and

190

Da,

which

are

also

consistent

with

1-methylfluorene

and

cyclopenta[def]phenanthrene, respectively. Furthermore, the elution time of the two products is
consistent with the elution times of the 1-methylfluorene and cyclopenta[def]phenanthrene
reference standards. Cyclopenta[def]phenanthrene has been identified in a previous toluene
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pyrolysis study [58]. As noted earlier, a methylated fluorene, for which the exact position of the
methyl group is not known, has been reported in a previous study of the co-pyrolysis of toluene
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Figure 4.8 Comparisons of the UV spectrum of supercritical toluene pyrolysis products (solid
lines) co-eluting at 31.4 min in the chromatogram of Figure 4.1, to those of reference standards
(dashed lines) of a) 1-methylfluorene and b) cyclopenta[def]phenanthrene. Due to co-elution, the
UV absorbance maximum in (a) at 252 nm is caused by cyclopenta[def]phenanthrene; the UV
absorbance maxima at 210 and 263 nm in (b) are caused by 1-methylfluorene. In (c) is the
comparison of the UV spectrum of the two co-eluting products (solid line) to the sum (dashed
line) of the UV spectra of the reference standards of 1-methylfluorene and
cyclopenta[def]phenanthrene.
Included in (a) and (b) are the product components’ mass
spectrum (as insets) as well as the molecular structures of the identified products.
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Phenanthrene, 3-methylphenanthrene, 1-methylphenanthrene, and 2-methylphenanthrene,
eluting at 29.4, 32.7, 33.5, and 34.5 min, respectively, in the chromatogram of Figure 4.1, are
identified by matching the products’ UV spectra to those of reference standards or to those
published for these compounds.

The mass spectra of these product components are also

consistent with these identifications. Comparisons of the UV spectra of products identified as
phenanthrene, 3-methylphenanthrene, 1-methylphenanthrene, and 2-methylphenanthrene to the
appropriate reference standards are displayed in Figure 4.9, along with the products’ mass
spectra and their deduced molecular structures. The reference spectra in Figures 4.9a and 4.9d
are those of reference standards of phenanthrene and 2methylphenanthrene, respectively; the
reference spectra in Figures 4.9b and 4.9c are those published [55] for 1methylphenanthrene and
3-methylphenanthrene, respectively. There are five methyl derivatives of phenanthrene but only
three are identified. Because reference standards of all five isomers were not available, it is
possible that the two remaining methylphenanthrene isomers are among the products of
supercritical toluene pyrolysis because these isomers could co-elute with other products.
Phenanthrene has been identified in previous toluene pyrolysis studies [30, 32, 43, 46].
Methylated phenanthrenes, for which the exact positions of the methyl groups are not known,
have been reported in a previous toluene pyrolysis study [58]. However, 1-methylphenanthrene,
2-methylphenanthrene, and 3-methylphenanthrene, for which the exact positions of the methyl
groups are known, are reported here for the first time as products of toluene pyrolysis.
Anthracene has also been identified in previous toluene pyrolysis studies [30,32,43,56].
Anthracene, eluting at 31.2 min in the chromatogram in Figure 4.1, is identified by matching the
product’s UV spectrum and elution time to those of a reference standard. The mass spectrum of
the product component is also consistent in this identification. Comparison of the product’s UV
spectrum to that of a reference standard is depicted in Figure 4.10, along with the product’s mass
spectrum and the molecular structure of anthracene. Anthracene has also been identified in
previous toluene pyrolysis studies [30,32,43,56].
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Figure 4.9 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 29.4 min, b) 32.7 min, c) 33.5 min, and d) 34.5 min in the chromatogram of
Figure 4.1, to those of reference standards (dashed lines). Identified products are a)
phenanthrene, b) 3-methylphenanthrene, c) 1-methylphenanthrene, and d) 2methylphenanthrene. Included in each figure are the product component’s mass spectrum (as
inset) as well as the molecular structure of the identified product.
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Figure 4.10 Comparison of the UV spectrum of the supercritical toluene pyrolysis product (solid
line) eluting at 31.2 min in the chromatogram of Figure 4.1, to that of a reference standard
(dashed line) of anthracene. Included in the figure is the product component’s mass spectrum (as
inset) as well as the molecular structure of the identified product.

Three methylated 9-phenylfluorenes, for which the exact positions of the methyl groups
are unknown, eluting at 34.9, 35.3, and 36.7 min, respectively, in the chromatogram of Figure
4.1, are identified by comparing the products’ UV spectra to the UV spectrum of a reference
standard of 9-phenylfluorene and by examination of their mass spectra. Comparisons of the UV
spectra of these three products to the spectrum of 9-phenylfluorene are displayed in Figure 4.11,
along with their mass spectra and the generic molecular structure of methylated
9-phenylfluorene. The UV spectra of all three products display absorbance features similar to
those of 9-phenylfluorene, establishing the aromatic structures of these products as
9phenylfluorene. Examination of all three products’ mass spectra reveals molecular weights of
256 Da, indicating a single methyl group attached to each of the three product components’
aromatic structures and allowing the identification of these products as methylated
9-phenylfluorenes. All three of these PAH are reported here for the first time as products of
toluene pyrolysis.
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Figure 4.11 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 34.9 min, b) 35.3 min, and c) 36.7 min in the chromatogram of Figure 4.1, to
that of a reference standard (dashed lines) of 9-phenylfluorene. The identified products are each
a methylated 9-phenylfluorene. Relative to the reference spectrum of 9-phenylfluorene, the
spectra of the product components in (a), (b), and (c) are shifted to higher wavelengths, a result
of one methyl group that is attached to the 9-phenylfluorene structure but at an unknown
position. Included in each figure are the product component’s mass spectrum (as inset) as well
as the molecular structure of the identified product.

A dimethylated o-terphenyl, for which the exact positions of the two methyl groups are
unknown, eluting at 37.2 min in the chromatogram of Figure 4.1, is identified by comparison of
the product’s UV spectrum to that of a referenence standard of o-terphenyl and by examination
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of the product’s mass spectrum. Comparison of the UV spectrum of the product to the spectrum
of o-terphenyl reference standard is displayed in Figure 4.12, along with the product’s mass
spectrum and the generic molecular structure dimethylated o-terphenyl. The UV spectrum of
this product displays UV absorbance features similar to those of o-terphenyl but shifted a few nm
to higher wavelengths, indicating an alkylated o-terphenyl. Examination of the product’s mass
spectrum reveals a molecular weight of 258 Da, indicating two methyl groups attached to the
product component’s aromatic structure and allowing the identification of this product as a
dimethylated o-terphenyl. It should be noted that alkylated products identified in supercritical
toluene pyrolysis in this study are far more likely to have methyl group(s) only; the reason for
this is explained in the next chapter (Section 5.4.1). This dimethylated o-terphenyl is reported
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Figure 4.12 Comparison of the UV spectrum of the supercritical toluene pyrolysis product (solid
line) eluting at 37.2 min in the chromatogram of Figure 4.1, to that of a reference standard
(dashed line) of o-terphenyl. The identified product is a dimethylated o-terphenyl. Relative to
the reference spectrum of o-terphenyl, the spectrum of the product component is shifted to higher
wavelengths, a result of two methyl groups that are attached to the o-terphenyl structure but at
unknown positions. Included in the figure are the product component’s mass spectrum (as inset)
as well as the molecular structure of the identified product.
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Two trimethylated m-terphenyl isomers, for which the positions of the three methyl
groups are not known for either isomer, eluting at 40.4 and 40.9 min in the chromatogram of
Figure 4.1, and two dimethylated p-terphenyl isomers, for which the positions of the two methyl
groups are unknown for either isomer, eluting at 41.4 and 45.1 min in the chromatogram of
Figure 4.1, are identified by comparing the products’ UV spectra to those of reference standards
of the appropriate terphenyls. Comparisons of the UV spectra of these products to those of the
appropriate reference standards are displayed in Figure 4.13, along with the products’ mass
spectra and the generic molecular structures of trimethylated m-terphenyl or dimethylated

p-terphenyl. The two trimethylated mterphenyls and the two dimethylated p-terphenyls are
identified by comparing the products’ UV spectra to those of m-terphenyl and p-terphenyl,
respectively, and by examination of their mass spectra. The two trimethylated m-terphenyls are
identified by comparing the products’ UV spectra to that of m-terphenyl and by examination of
their mass spectra. The UV spectra of the two trimethylated m-terphenyls, shown in Figures
4.13a and 4.13b, display UV absorbance features similar to those of m-terphenyl, but shifted a
few nm to higher wavelengths, indicating that they are alkylated m-terphenyls. Examination of
these two products’ mass spectra reveals molecular weights of 272 Da, indicating three methyl
groups attached to each of the two product components’ aromatic structures and allowing for the
identification of these products as trimethylated m-terphenyls. Similarly, the two dimethylated

p-terphenyls are identified by comparing the products’ UV spectra to that of p-terphenyl and by
examination of their mass spectra. The UV spectra of the two dimethylated p-terphenyls, shown
in Figures 4.13c and 4.13d, display UV absorbance features similar to those of p-terphenyl, but
shifted a few nm to higher wavelengths, indicating that they are alkylated p-terphenyls.
Examination of these two products’ mass spectra reveals molecular weights of 258 Da,
indicating two methyl groups attached to each of the two product components’ aromatic
structures and allowing for the identification of these products as dimethylated pterphenyls. All
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four of these alkylated terphenyls are reported here for the first time as products of toluene
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Figure 4.13 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 40.4 min, b) 40.9 min, c) 41.4 min, and d) 45.1 min in the chromatogram of
Figure 4.1, to those of reference standards (dashed lines) of a) m-terphenyl, b) m-terphenyl, c) pterphenyl, and d) p-terphenyl. Identified products are a) a trimethylated m-terphenyl, b) a
trimethylated m-terphenyl, c) a dimethylated p-terphenyl, and d) a dimethylated p-terphenyl.
Relative to the reference spectrum of m-terphenyl, the spectra of the product components in (a)
and (b) are shifted to higher wavelengths, a result of three methyl groups that are attached to the
m-terphenyl structure but at unknown positions. Similarly, relative to the reference spectrum of
p-terphenyl, the spectra of the product components in (c) and (d) are shifted to higher
wavelengths, a result of two methyl groups that are attached to the p-terphenyl structure but at
unknown positions. Included in each figure are the product component’s mass spectrum (as
inset) as well as the molecular structure of the identified product.
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9-Phenylphenanthrene, eluting at 37.6 min in the chromatogram in Figure 4.1, is
identified by comparing the product’s UV spectrum to the published spectrum of
9-phenylphenanthrene [55]. Comparison of the UV spectrum of this product to the published
spectrum is displayed in Figure 4.14a, along with the product’s mass spectrum and the molecular
structure of 9-phenylphenanthrene. The mass spectrum of this product is also consistent with
this identification. Phenylated phenanthrenes, for which the exact positions of the phenyl groups
are not known, have been reported in a previous toluene pyrolysis study [58].

However,

9phenylphenanthrene, for which the exact position of the phenyl group is known, is reported
here for the first time as a product of toluene pyrolysis.
Two methylated 3-phenylphenanthrenes, for which the positions of the methyl groups are
not known, eluting at 40.9 and 42.7 min in the chromatogram of Figure 4.1, are identified by
comparing the products’ UV spectra to a published spectrum of 3-phenylphenanthrene [55] and
by examination of the products’ mass spectra. Comparisons of the UV spectra of these products
to the published spectrum are displayed in Figures 4.14b and 4.14c along with the products’
mass spectra and the generic molecular structure of methylated 3-phenylphenanthrene. The UV
spectra of these products, shown in Figures 4.14b and 4.14c, display UV absorbance features
similar to those of 3-phenylphenanthrene, but shifted a few nm to higher wavelengths.
Examination of the products’ mass spectra reveals molecular weights of 268 Da, or 14 Da more
than that of 3-phenylphenanthrene, indicating a single methyl group attached to each of the two
product components’ aromatic structures and allowing the identification of these products as
methylated 3-phenylphenanthrenes. The two methylated 3phenylphenanthrenes are reported
here for the first time as products of toluene pyrolysis.
Two methylated 9-phenylanthracenes, for which the positions of the methyl groups are
not known, eluting at 39.9 and 40.6 min in the chromatogram in Figure 4.1, are identified by
comparing the products’ UV spectra to that of a reference standard of 9-phenylanthracene and
by examination of their mass spectra.
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Figure 4.14 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 37.6 min, b) 40.9 min, and c) 42.7 min in the chromatogram of Figure 4.1, to
published reference spectra (dashed lines) [55] of a) 9-phenylphenanthrene, b) 3phenylphenanthrene, and c) 3-phenylphenanthrene.
Identified products are a) 9phenylphenanthrene, b) a methylated 3-phenylphenanthrene, and c) a methylated 3phenylphenanthrene. Relative to the reference spectrum of 3-phenylphenanthrene, the spectra of
the product components in (b) and (c) are shifted to higher wavelengths, a result of a methyl
group that is attached to the 3-phenylphenanthrene structure but at an unknown position.
Included in each figure are the product component’s mass spectrum (as inset) as well as the
molecular structure of the identified product.
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Comparisons of the UV spectra of these two products to the spectrum of the 9-phenylanthracene
reference standard are displayed in Figure 4.15, along with the products’ mass spectra and the
generic molecular structure of methylated 9-phenylanthracene. In Figure 4.15b, the rise in UV
absorbance of the product prior to and after the maximum at 260 nm is a result of co-elution with
an unidentified product that absorbs in this range of the UV. The two identified methylated 9-
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phenylanthracenes are reported here for the first time as products of toluene pyrolysis.
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Figure 4.15 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 39.9 min and b) 40.6 min in the chromatogram of Figure 4.1, to that of a
reference standard (dashed lines) of 9-phenyanthracene. The identified products are each a
methylated 9-phenylanthracene. Relative to the reference spectrum of 9-phenylanthracene, the
spectra of the product components in (a) and (b) are shifted to higher wavelengths, a result of a
methyl group that is attached to the 9-phenylanthrace structure but at an unknown position.
Included in each figure are the product component’s mass spectrum (as inset) as well as the
molecular structure of the identified product.
2-Phenylphenanthrene, eluting at 43.1 min in the chromatogram in Figure 4.1, and two
methylated 2-phenylphenanthrenes, for which the positions of the methyl groups are unknown,
eluting at 44.8 and 50.0 min in the chromatogram of Figure 4.1, are identified by comparing the
products’ UV spectra to a published 2-phenylphenanthrene spectrum [55] and by examination of
their mass spectra. Comparisons of the UV spectra of these three products to the published
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spectrum of 2-phenylphenanthrene are displayed in Figure 4.16, along with the products’ mass
spectra

and

the

molecular

structures

(generic

structures

for

the

two

methylated

2-phenylphenanthrenes) of the identified products. The identification of 2-phenylphenanthrene
is confirmed by matching the product’s UV spectrum to that published for 2phenylphenanthrene.
identification.

The mass spectrum of this product is also consistent with this

The two methylated 2-phenylphenanthrenes are identified by comparing the

products’ UV spectra to that published for 2-phenylphenanthrene and by examination of the
products’ mass spectra. Phenylated phenanthrenes, for which the exact positions of the phenyl
groups are not known, have been previously reported in toluene pyrolysis [58]. However, 2phenylphenanthrene, for which the exact position of the phenyl group is known, is reported here
for the first time as a product of toluene pyrolysis. The two methylated 2-phenylphenanthrenes
are also reported here for the first time as products of toluene pyrolysis.
2-Phenylanthracene, eluting at 44.1 min in the chromatogram of Figure 4.1, and two
methylated 2-phenylanthracenes, for which the positions of the methyl groups are not known,
eluting at 44.5 and 49.5 min in the chromatogram of Figure 4.1, are identified by comparing the
products’ UV spectra to a published 2-phenylanthracene spectrum [59] and by examination of
the products’ mass spectra. Comparisons of the UV spectra of these three products to the
published spectrum of 2-phenylanthracene are displayed in Figure 4.17, along with the products’
mass spectra and the molecular structures (generic structures for the two methylated 2phenylanthracenes) of the identified products.

The identification of 2-phenylanthracene is

confirmed by matching the product’s UV spectrum to that published for 2-phenylanthracene.
The mass spectrum of this product component is also consistent with this identification. The two
methylated 2-phenylanthracenes are identified by comparing the products’ UV spectra to the
published UVspectrum of 2-phenylanthracene and by examination of the products’ mass spectra.
2-Phenylanthracene and the two methylated 2-phenylanthracenes are reported here for the first
time as products of toluene pyrolysis.
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Figure 4.16 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 43.1 min, b) 44.8 min, and c) 50.0 min in the chromatogram of Figure 4.1, to a
published spectrum (dashed lines) [55] of 2-phenylphenanthrene. Identified products are a) 2phenylphenanthrene, b) a methylated 2-phenylphenanthrene, and c) a methylated 2phenylphenanthrene. Relative to the reference spectrum of 2-phenylphenanthrene, the spectra of
the product components in (b) and (c) are shifted to higher wavelengths, a result of a methyl
group that is attached to the 2-phenylphenanthrene structure but at an unknown position.
Included in each figure are the product component’s mass spectrum (as inset) as well as the
molecular structure of the identified product.
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Figure 4.17 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 44.1 min, b) 45.5 min, and c) 49.5 min in the chromatogram of Figure 4.1, to
that of a published spectrum (dashed lines) [59] of 2-phenylanthracene. Identified products are
a) 2-phenylanthracene, b) a methylated 2-phenylanthracene, and c) a methylated 2phenylanthracene. Relative to the reference spectrum of 2-phenylanthracene the spectra of the
product components in (b) and (c) are shifted to higher wavelengths, a result of a methyl group
that is attached to the 2-phenylanthracene structure but at an unknown position. Included in each
figure are the product component’s mass spectrum (as inset) as well as the molecular structure of
the identified product.
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Benzo[a]fluoranthene and benzo[b]fluoranthene, eluting at 44.3 and 45.7 min,
respectively, in the chromatogram of Figure 4.1, and two methylated benzo[b]fluoranthenes, for
which the positions of the methyl groups are not known, eluting at 48.9 and 51.5 min in the
chromatogram of Figure 4.1, are identified by comparing the products’ UV spectra to the
appropriate reference spectra. The reference spectrum in Figure 4.18a is the published UV
spectrum [60] of benzo[a]fluoranthene. The reference spectrum in Figures 4.18b, 4.18c, and
4.18d is the UV spectrum of a reference standard of benzo[b]fluoranthene. Comparisons of the
UV spectra of the products to the appropriate reference spectra are displayed in Figure 4.18,
along with the products’ mass spectra and the molecular structures (generic structures for the two
methylated benzo[b]fluoranthene) of the identified products. As indicated in Figures 4.18a and
4.18b, benzo[a]fluoranthene and benzo[b]fluoranthene are identified by matching the products’
UV spectra to the respective reference spectra. The two methylated benzo[b]fluoranthenes are
identified by comparing the products’ UV spectra to that of the benzo[b]fluoranthene reference
standard and by examination of the products’ mass spectra.

Benzo[a]fluoranthene and

benzo[b]fluoranthene have been previously identified in toluene pyrolysis [30, 43]. The two
methylated benzo[b]fluoranthenes are reported here for the first time as products of toluene
pyrolysis.
The five-ring PAH indeno[1,2-a]fluorene and naphtho[2,3-b]fluorene, eluting at 47.8 and
58.0 min, respectively, in the chromatogram of Figure 4.1, are identified by matching the
products’ UV spectra to published spectra of indeno[1,2-a]fluorene [61] and naphtho[2,3-

b]fluorene [62]. The mass spectra of these products are also consistent with these identifications.
Comparisons of the UV spectra of these products to the appropriate published UV spectra are
displayed in Figure 4.19, along with the products’ mass spectra and the molecular structures of
indeno[1,2-a]fluorene (Figure 4.19a) and naphtho[2,3-b]fluorene (Figure 4.19b). Both of these
PAH are reported here for the first time as toluene pyrolysis products.
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Figure 4.18 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 44.3 min, b) 45.7 min, c) 48.9 min, and d) 51.5 min in the chromatogram of
Figure 4.1, to UV reference spectra (dashed lines). In (a), the reference spectrum is the one
published [60] for benzo[a]fluoranthene. In (b), (c), and (d), the reference spectra are each of a
standard of benzo[b]fluoranthene.
Identified products are a) benzo[a]fluoranthene, b)
benzo[b]fluoranthene, c) a methylated benzo[b]fluoranthene, and d) a methylated
benzo[b]fluoranthene. Relative to the reference spectrum of benzo[b]fluoranthene, the spectra of
the product components in (c) and (d) are shifted to higher wavelengths, a result of a methyl
group that is attached to the benzo[b]fluoranthene structure but at an unknown position.
Included in each figure are the product component’s mass spectrum (as inset) as well as the
molecular structure of the identified product.
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Figure 4.19 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 47.8 min and b) 58.0 min in the chromatogram of Figure 4.1, to those
published (dashed lines) [61, 62] for a) indeno[1,2-b]fluorene and b) naphtho[2,3-b]fluorene.
Identified products are a) indeno[1,2-b]fluorene and b) naphtho[2,3-b]fluorene. Included in each
figure are the product component’s mass spectrum (as inset) as well as the molecular structure of
the identified product.
Naphtho[2,1-a]fluorene, eluting at 56.9 min in the chromatogram of Figure 4.1, and two
methylated naphtho[2,1a]fluorenes, for which the positions of the methyl groups are not known,
eluting at 75.1 and 76.9 min in the chromatogram of Figure 4.1, are identified by comparing the
products’ UV spectra to a published spectrum of naphtho[2,1-a]fluorene [63] and by
examination of the products’ mass spectra. Comparisons of the UV spectra of the three products
to the published spectrum of naphtho[2,1a]fluorene are displayed in Figure 4.20, along with the
products’ mass spectra and the molecular structures (generic structures for the two methylated
naphtho[2,1-a]fluorenes) of the identified products. The identification of naphtho[2,1-a]fluorene
is confirmed by matching the product’s UV spectrum to the published naphtho[2,1-a]fluorene
spectrum. The mass spectrum of this product is also consistent with this identification. The two
methylated naphtho[2,1-a]fluorenes are identified by comparing the products’ UV spectra to the
published UV spectrum of naphtho[2,1a]fluorene and by examination of the products’ mass
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spectra. All three of these PAH are reported here for the first time as products of toluene
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Figure 4.20 Comparisons of the UV spectra of supercritical toluene pyrolysis products (solid
lines) eluting at a) 56.9 min, b) 75.1 min, and c) 76.9 min in the chromatogram of Figure 4.1, to
the published spectrum (dashed lines) [63] of naphtho[2,1-a]fluorene. Identified products are a)
naphtho[2,1-a]fluorene, b) a methylated naphtho[2,1-a]fluorene, and c) a methylated
naphtho[2,1-a]fluorene. Relative to the reference spectrum of naphtho[2,1-a]fluorene, the
spectra of the product components in (b) and (c) are shifted to higher wavelengths, a result of a
methyl group that is attached to the naphtho[2,1-a]fluorene structure but at an unknown position.
Included in each figure are the product component’s mass spectrum (as inset) as well as the
molecular structure of the identified product.
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4.5 Summary
The identification, by gas and liquid chromatography, of 60 hydrocarbon products of
supercritical toluene pyrolysis has been demonstrated in this chapter. Of these products, three
unsubstituted PAH, two phenyl-substituted PAH (for which the exact positions of the phenyl
groups are known), five methyl-substituted PAH (for which the exact positions of the methyl
groups are known), and 21 methyl-, dimethyl-, and trimethyl-substituted PAH (for which the
exact positions of the methyl groups are not known) have never before been identified from
toluene pyrolysis until now.
The difficulty of acquiring pure reference standards creates a challenge in identifying
alkylated aromatic products by GC/FID/MS. However, by using HPLC/UV/MS, it is possible to
ascertain the aromatic structures of the alkylated PAH products by matching their UV spectra to
those of the respective unsubstituted PAH reference standards, allowing for the slight spectral
shifts attributable to the alkyl substituents. Examination of the products’ mass spectra reveals
the products’ molecular weights, which are used to deduce the number of carbons in the alkyl
group(s) attached to the aromatic structures. Reaction pathways leading to the formation of the
identified products in the supercritical toluene pyrolysis environment—along with product
yields, as functions of temperature and pressure—will be presented in Chapter 5.
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Chapter 5. Formation of Products of Supercritical Toluene Pyrolysis
5.1 Introduction
This chapter presents the results of the two sets of experiments in which toluene was
pyrolyzed in the reactor described in Section 3.2. The two sets of experimental conditions
performed were: a) at a constant pressure of 100 atm, a constant residence time of 140 sec, and
at constant temperatures of 550, 600, 625, 650, 675 and 685 °C and b) at a constant temperature
of 685 °C, a constant residence time of 140 sec, and at constant pressures of 50, 70, 90, and 100
atm.
In the following sections, product yields as functions of temperature and pressure are
presented, product formation mechanisms are shown, and yield trends with respect to
temperature and pressure are explained. First discussed are alkane and alkene products, then
one-ring aromatic products, followed by two-ring aromatic products, and finally polycyclic
aromatic hydrocarbons (PAH).
5.2 Alkane and Alkene Products
Methane, ethane, ethylene, propane, and propylene have been identified by GC/FID as
products of supercritical toluene pyrolysis as described in Section 3.3.1. All of these products
are quantified by GC/FID. Figure 5.1 displays the yields of the quantified alkanes and alkenes
from the set of toluene pyrolysis experiments at a constant pressure of 100 atm, a constant
residence time of 140 sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C.
Figure 5.2 displays the yields of these products from the set of toluene pyrolysis experiments at a
constant temperature of 685 °C, a constant residence time of 140 sec, and at constant pressures of
50, 70, 90, and 100 atm. The trends in Figures 5.1 and 5.2 will be described in Section 5.2.2,
after a presentation of the product formation mechanisms in Section 5.2.1.
5.2.1 Alkane and Alkene Product Formation Mechanisms
The identified alkane and alkene products are the result of a series of reactions starting
with the formation of methyl and hydrogen radicals in toluene pyrolysis.
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Figure 5.1 Yields of (a) methane, (b) ethane and ethylene, and (c) propane and propylene as
functions of temperature, from the supercritical pyrolysis of toluene at 100 atm and 140 sec.

64

0.04

3.0

b

Yield (mass-% of fed toluene)

a
0.03
2.0

Methane
0.02

Ethane
1.0
0.01

Ethylene
0.0
50

60

70
80
90
Pressure (atm)

100

0.00
50

60

70
80
90
Pressure (atm)

100

Yield (mass-% of fed toluene)

0.009
c

0.006
Propane
0.003
Propylene
0.000
50

60

70
80
90
Pressure (atm)

100

Figure 5.2 Yields of (a) methane, (b) ethane and ethylene, and (c) propane and propylene as
functions of pressure, from the supercritical pyrolysis of toluene at 685 °C and 140 sec.

65

Formation of these radicals is initiated by the methyl-carbon/aromatic-carbon bond of toluene
breaking to yield a methyl radical and the methyl-carbon/hydrogen bond of toluene breaking to
yield a hydrogen radical.
Two reaction mechanisms leading to the formation of methane in toluene pyrolysis [30,
32] have been previously discussed in Section 2.3. One reaction mechanism for the formation of
methane is unimolecular decomposition of toluene into a phenyl and a methyl radical (Scheme
5.1), followed by methyl radical’s abstraction of hydrogen from toluene (or from any available
hydrogen-containing molecule in the reaction environment) to yield methane and another radical,
e.g., benzyl or tolyl radical (Scheme 5.2).
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An alternative reaction pathway leading to the formation of methane, discussed in
Section 2.3, is the three-stage reaction mechanism illustrated in Schemes 5.3, 5.4, and 5.5.
Scheme 5.3 is the unimolecular dissociation of a methyl hydrogen from toluene; then the
hydrogen radical attacks the carbon (bonded to the methyl carbon) on the aromatic ring to
produce a benzene and a methyl radical (Scheme 5.4); finally, the methyl radical abstracts a
hydrogen from another toluene to yield methane and a benzyl or tolyl radical (Scheme 5.5).
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Methyl radicals are the highest-yield aliphatic radical species in the supercritical toluene
pyrolysis reaction environment that can be produced directly from unimolecular or bimolecular
reaction involving toluene. Therefore ethane, with more than one carbon atom, must be formed
via a combination of the smaller methyl units. The reaction mechanism leading to the formation
of ethane is combination of two methyl radicals, as illustrated in Scheme 5.6. Additionally, low
yields of ethane as functions of temperature and pressure, shown in Figures 5.1b and 5.2b,
respectively, indicate that in these sets of experimental conditions methyl radicals preferentially
react with toluene (abundant in the reaction environment) to form methane instead of with each
other to form ethane. Additionally, methyl radicals are not as abundant as toluene molecules in
the reaction environment; thus two methyl radicals reacting is less likely to occur. Subsequent
hydrogen abstraction from ethane, by a radical such as hydrogen radical, will produce an ethyl
radical (Scheme 5.7); then loss of a hydrogen from the adjacent carbon creates ethylene and a
hydrogen atom (Scheme 5.8).
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The bond-dissociation energy of the C-H bond of ethane, 100.5 kcal/mol [35], is almost
as strong as that of the methyl-carbon/aromatic-carbon bond, 102.0 kcal/mol [35], of toluene,
which is favored to break through bimolecular reactions [64]. Therefore the described
bimolecular reaction to form ethyl radicals (Scheme 5.7) is a favorable pathway, but it is not to
say that ethyl radicals cannot be formed through unimolecular dissociation of ethane.
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The ethyl radical could also participate in a methyl-ethyl combination reaction to form
propane, as illustrated in Scheme 5.9. Subsequent hydrogen abstraction from propane, by a
radical such as a hydrogen, will produce a propyl radical (Scheme 5.10); then loss of a hydrogen
from the adjacent carbon creates propylene and a hydrogen radical, as illustrated in Scheme 5.11.
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Similar to the discussion of ethylene formation through bimolecular reactions, the bonddissociation energy of the C-H bond of propane is 100.9 kcal/mol [35]; therefore, propyl radical
formation is suggested to be favored through bimolecular reactions, but it is not to say that
propyl radicals cannot be formed through unimolecular dissociation of propane.
5.2.2 Alkane and Alkene Product Yields
Figure 5.1 shows the product yields of methane, ethane, ethylene, propane and propylene
at a constant pressure of 100 atm, a constant residence time of 140 sec, and at constant
temperatures of 550, 600, 625, 650, 675 and 685 °C; Figure 5.2 shows the product yields of
methane, ethane, ethylene, propane, and propylene at a constant temperature of 685 °C, a
constant residence time of 140 sec, and at constant pressures of 50, 70, 90, and 100 atm.
Comparison of the product yields of methane and ethane reveals that methane yields are two
orders of magnitude higher; similarly when compared to ethylene, propane, and propylene, the
yield of methane is three orders of magnitude higher than the yields of these products. This is
expected because methane is the product of two possible reaction mechanisms, discussed in
Section 5.2.1, and at high temperatures and pressures both reactions can be favored. At higher
temperatures unimolecular dissociation of toluene occurs more readily to produce either methyl
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radicals (Scheme 5.1) or hydrogen radicals (Scheme 5.3), which can attack toluene to produce
more methyl radicals (as illustrated in Scheme 5.4). These methyl radicals further participate in
hydrogen abstraction (Scheme 5.5) to form methane; therefore, it is unlikely that yields of
methane will decrease with increasing temperature. Additionally, at higher pressure conditions,
the concentration of toluene in the reaction environment increases, thus allowing for higher
methyl radical yields. As yields of methyl radicals increase with increasing temperature and
pressure, methyl-methyl addition can occur more readily to form ethane; hence the upward trend
yields of ethane with increasing temperature or pressure, shown in Figures 5.1b and 5.2b,
respectively. However, low yields of ethane as functions of both temperature and pressure,
shown in Figures 5.1b and 5.2b, respectively, indicate that formation of ethane is not favored in
these sets of toluene pyrolysis experiments. The low yields of ethylene, propane, and propylene
at high temperatures and pressures, combined with the continued increase in yields of PAH
observed in toluene pyrolysis (which require methyl radicals in their formation) [32, 33, 42],
indicate that as pressure and temperature increases, methyl radicals preferentially react with
aromatic molecules, rather than reacting with alkyl radicals to form C2 or C3 gases.

5.3 One-Ring Aromatic Hydrocarbon Products
Benzene, styrene, ethylbenzene, and the three isomers of xylene are single-ring aromatic
compounds identified by GC/FID/MS as products of supercritical toluene pyrolysis. All of these
were quantified by GC/FID. Figure 5.3 displays the yields of benzene from the two sets of
experiments in which toluene was pyrolyzed a) at a constant pressure of 100 atm, a constant
residence time of 140 sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C
and b) at a constant temperature of 685 °C, a constant residence time of 140 sec, and at constant
pressures of 50, 70, 90, and 100 atm. Since benzene is present in both the gas- and liquid-phase
products, it is quantified by GC/FID in both phases, and the summed yields of benzene are
presented. Figure 5.4 displays the yields of ethylbenzene, o-xylene, styrene, and the summed
yields of m- and p-xylene from the two sets of pyrolysis experiments. The yields of m- and p69

xylene are reported as a sum because they co-elute on the GC. The trends in Figures 5.3 and 5.4
will be described in Section 5.3.2, after a presentation of the product formation mechanisms in
Section 5.3.1.
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Figure 5.3 Yields of benzene from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.

5.3.1 One-Ring Aromatic Product Formation Mechanisms
The formation of benzene, styrene, ethylbenzene, and the three isomers of xylene
products has been elucidated in toluene pyrolysis [30,33] and previously discussed in Section
2.3.
A reaction mechanism leading to the formation of benzene in toluene pyrolysis is
depicted in Scheme 5.4. An alternative reaction mechanism leading to the formation of benzene
is illustrated in Scheme 5.12. In this alternative mechanism, phenyl radical, a product in Scheme
5.1, can abstract a hydrogen atom from toluene (or any molecule in the reaction environment),
yielding benzene and either a benzyl or tolyl radical. For simplicity, future reaction mechanisms
involving a radical abstracting a hydrogen atom from another molecule will only depict one
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radical isomer product and it should be understood that the hydrogen can be abstracted from any
position on the molecule unless stated otherwise.
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Figure 5.4 Yields of ethylbenzene, styrene, o-xylene, and summed yields of m- and p-xylene,
from the supercritical pyrolysis of toluene: (a) yields versus temperature, at 100 atm and 140
sec; (b) yields versus pressure, at 685 °C and 140 sec.
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The reaction mechanism leading to the formation of xylene isomers in toluene pyrolysis
[30, 33, 42] has been previously discussed in Section 2.3 and is illustrated in Scheme 5.13.

+

CH3

H

-H

5.13

CH3

The reaction mechanism leading to the formation of ethylbenzene in toluene pyrolysis
[33, 34] has been previously discussed in Section 2.3 and is illustrated in Scheme 5.14.
Similarly, supercritical 1-methylnaphthalene pyrolysis [27] showed that 1-naphthylmethyl
radical could react with a methyl radical to yield ethylnapthalene, discussed in Section 2.3.
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The bond-dissociation energy of the α-carbon/hydrogen bond of ethylbenzene is 85.4
kcal/mole [35], which is less than that of the methyl-carbon/hydrogen bond, 88.9 kcal/mol [35],
of toluene, which is considered to undergo unimolecular dissociation; therefore, the formation of
an α-phenylethyl radical from ethylbenzene can occur through unimolecular reaction [30,32],
consequently, as shown in the first step of Scheme 5.14a ethylbenzene can lose a hydrogen atom,
through either unimolecular dissociation or hydrogen abstraction, to form an α-phenylethyl
radical. In the final step of Scheme 5.14a, adjacent methyl carbon loses a hydrogen to form
styrene.

+

CH3

-H

5.14

-H

5.14a

5.3.2 Temperature and Pressure Effects on One-Ring Aromatic Product Yields
Product yield trends of one-ring aromatic products as a function of temperature (shown in
Figures 5.3a and 5.4a) and pressure (shown in Figures 5.3b and 5.4b) indicate that with
increasing temperature or pressure, the yields of these products have an upward trend. Benzene
is the product of two possible reaction mechanisms, discussed in Section 5.3.1; therefore, it is
unlikely that yields of benzene will decrease with increasing temperature or pressure. At higher
temperatures, unimolecular dissociation of toluene occurs more readily to produce phenyl
radicals and hydrogen radical, which then attack toluene to produce benzene, as illustrated in
Scheme 5.4. The phenyl radicals further participate in hydrogen abstraction (Scheme 5.12) to
form benzene; therefore, benzene yields increase with increasing temperature. Additionally,
increasing pressure increases the density of the fluid, thereby increasing radical concentrations
and allowing for higher benzene yields.
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As yields of methyl radical increase with increasing temperature and pressure (as
discussed in Section 5.1.2), reactions of methyl radicals with toluene molecules and benzyl
radicals will occur more frequently to form xylene isomers and ethylbenzene, respectively; hence
the increases in yields of the xylenes and ethylbenzene, as shown in Figure 5.4. Since the bonddissociation energy of the α-carbon/hydrogen bond of ethylbenzene is lower than that of the
methyl-carbon/hydrogen bond of toluene, cleavage of the α-carbon/hydrogen bond of
ethylbenzene leads to styrene production. Therefore, yields of styrene are not likely to decrease
as either temperature or pressure is increased. In fact, Figure 5.4 shows that they increase with
increasing temperature and remain essentially constant with increasing pressure.
5.4 Two-Ring Aromatic Hydrocarbon Products
Figures 5.5 through 5.8 present the yields of two-ring aromatic products from the two sets
of experiments in which toluene was pyrolzyed a) at a constant pressure of 100 atm, a constant
residence time of 140 sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C
and b) at a constant temperature of 685 °C, a constant residence time of 140 sec, and at constant
pressures of 50, 70, 90, and 100 atm.
Biphenyl and its alkylated derivatives will be covered in Section 5.4.1, followed by
diphenylmethane and methyldiphenylmethane in Section 5.4.2, and bibenzyl in Section 5.4.3. In
each section, the product’s or products’ yields will be presented as functions of temperature and
pressure, the appropriate product-formation mechanisms will be presented, and the observed
effects of temperature and pressure on the product yields will be discussed in light of these
mechanisms.
5.4.1 Biphenyl
Biphenyl, three methylbiphenyl isomers, and four dimethylbiphenyl isomers are
identified as products of supercritical toluene pyrolysis. Yields of biphenyl are presented as
functions of temperature, at 100 atm and 140 sec, in Figure 5.5a, and as functions of pressure, at
685 °C and 140 sec, in Figure 5.5b.

Figure 5.6 displays summed yields of identified
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methylbiphenyls and summed yields of identified dimethylbiphenyls from the two sets of
experiments. The yields of identified methylbiphenyls and dimethlybiphenyls are each reported
as sums because reactions and reactants leading to the formation of these products are similar.
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Figure 5.5 Yields of biphenyl from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
The reaction mechanism leading to the formation of biphenyl in toluene pyrolysis [30,
34] has been previously discussed in Section 2.3 and is illustrated in Scheme 5.15. It should also
be noted that a hydrogen radical attacking a methylbiphenyl, the product discussed next in this
section, at the aromatic-carbon/methyl-carbon bond can also yield biphenyl (analogous to the
reaction illustrated in Scheme 5.4). Shown in Scheme 5.15 is the formation of biphenyl through
the reaction of a phenyl radical and benzene; however, biphenyl could also be produced from
two phenyl radicals. It should be noted that the reaction mechanism leading to the formation of
biphenyl and other identified products of supercritical toluene pyrolysis could be produced from
the combination of two or more radicals. Therefore, for simplicity the reaction scheme between
two or more radicals to produce the identified product will not described or illustrated unless the
reaction between two radicals is the only reaction pathway that will allow for the formation of
the identified product.
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Figure 5.6 Summed yields of 2-, 3-, and 4-methylbiphenyl and summed yields of four
dimethylbiphenyls from the supercritical pyrolysis of toluene: (a) yields versus temperature, at
100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
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Yields of biphenyl as a function of temperature, shown in Figures 5.5a, indicate that there
is no formation of biphenyl at temperatures between 550 and 625 °C—an expected result because
phenyl radicals formed at lower-temperature conditions are likely to react with toluene since the
ratio of toluene to benzene is higher at lower temperatures. However, in Figure 5.5a, the yields
of biphenyl increase exponentially between 625 and 685 °C, indicating that phenyl radicals and
benzene are reacting with each other more readily. Yields of biphenyl as a function of pressure,
in Figure 5.5b, also show an upward trend with increasing pressure at 685 °C and 140 sec. The
upward yield trend of biphenyl with respect to increasing pressure is likely due to the fact that
density (and hence concentration) is a linear function of pressure.
Methylbiphenyls have been identified as products in toluene pyrolysis [65]; however, the
reaction mechanism leading to the formation of methylbiphenyls was not discussed. Therefore,
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in this study, the reaction mechanism leading to the formation of methylbiphenyls is adapted
from the formation of biphenyl in toluene pyrolysis. As shown in Scheme 5.16, methylbiphenyl,
is the product of the reaction between a phenyl radical and toluene. The first step is the phenyl
radical attacking toluene, yielding a methylbiphenyl radical. Then a carbon adjacent to the
radical loses a hydrogen to form a double bond which forms the final product methylbiphenyl.

+

-H

5.16

It should be noted that methylation of biphenyl is another reaction mechanism that could
lead to the formation of methylated biphenyl. However, the mechanism is unlikely to be favored
because biphenyl is not observed to form at temperatures between 550 and 625 °C, even though
methylated biphenyl isomers are observed at all experimental conditions (summed yields of
identified methylbiphenyls shown in Figure 5.6a). Therefore, methylation of biphenyl is not a
likely mechanism for the formation of methylbiphenyl at lower temperature conditions.
The reaction mechanisms leading to the formation of dimethylbiphenyl in toluene
pyrolysis [33] has been previously discussed in Section 2.3 and is illustrated in Scheme 5.17.

+

-H

5.17

It should be noted that methylation of methylbiphenyl could also produce
dimethylbiphenyl or ethylbiphenyl. However, methylation of methylbiphenyl is not likely to be
the dominant reaction pathway for the formation of dimethylbiphenyl because more steps are
required than if dimethylbiphenyl formed directly from a tolyl radical and toluene. Methylation
of methylbiphenyl to form dimethylbiphenyl first would require the formation of methylbiphenyl
(Scheme 5.16) followed by methyl addition to the aromatic structure.
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Formation of

ethylbiphenyl would require the additional step of hydrogen loss from the methyl group of
methylbiphenyl; then the radical could combine with a methyl radical to yield ethylbiphenyl.
Therefore, the product identified in Section 4.4 as an alkylated biphenyl with a molecular
weight of 182 Da is believed to be a dimethylbiphenyl rather than an ethylbiphenyl because the
reaction pathway leading to the formation of dimethylated biphenyl products requires fewer steps
and intermediates that are of greater abundance in the reaction environment. By the same
reasoning, all products for which mass spectra indicate the presence of alkyl carbon(s) are
identified as products with one or more methyl group.
Figure 5.6a shows that summed yields of identified dimethylbiphenyls increase
exponentially with increasing temperature.

As temperature increases, more radicals are

produced in the reaction environment; the radicals then abstract hydrogen atoms from toluene (as
an example) to produce tolyl radicals; then the tolyl radicals further participate in the production
of dimethylbiphenyl as in Scheme 5.17. Yields of summed dimethylbiphenyls as a function of
pressure, shown in Figure 5.6b, also show an upward trend with increasing pressure. This
upward trend with increasing pressure is likely due to the fact that density (and hence
concentration) is a linear function of pressure.
5.4.2 Diphenylmethane
Diphenylmethane and a methyldiphenylmethane are identified as products of
supercritical

toluene

pyrolysis.

Yields

of

diphenylmethane

and

an

identified

methyldiphenylmethane are presented as functions of temperature, at 100 atm and 140 sec, in
Figure 5.7a, and as functions of pressure, at 685 °C and 140 sec, in Figure 5.7b.
The reaction mechanism for the formation of diphenylmethane in toluene pyrolysis [33]
has been previously discussed in Section 2.3 and is illustrated in Scheme 5.18.
The reaction mechanism for the formation of methyldiphenylmethane in toluene
pyrolysis has been elucidated by Lannuzel et al. [33] and is depicted in Scheme 5.19. The initial
step in the formation of methyldiphenylmethane is the attack of a benzyl radical on a toluene
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molecule. Then hydrogen loss by the intermediate methyldiphenylmethane radical yields the
final product methyldiphenylmethane.
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Figure 5.7 Yields of diphenylmethane and a methyldiphenylmethane from the supercritical
pyrolysis of toluene: (a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus
pressure, at 685 °C and 140 sec.
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5.18

should

be

noted

that

5.19

methylation

of

diphenylmethane

could

produce

methyldiphenylmethane, but because toluene and benzyl radicals are more abundant than
diphenylmethane in the toluene pyrolysis environment, it is considered that methylation of
diphenylmethane is a minor contributor to the formation of methyldiphenylmethane. By the
same reasoning, the majority of other identified methylated products are considered to form
through readily available reactants rather than methylation.
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Another reaction mechanism for the formation of methyldiphenylmethane is a reaction
between a xylene radical and benzene. As shown in Scheme 5.20, in this alternative mechanism,
the initial step is a xylene radical, and the radical must be located on one of the methyl groups,
attacking benzene (the first step in Scheme 5.20), yielding a radical intermediate, and then
hydrogen loss by the intermediate yields the final product.

+

-H

5.20

Because benzyl radicals and toluene are more abundant than xylene molecules in the
reaction environment, it is considered that the reaction mechanism illustrated in Scheme 5.20 is a
minor contributor to the formation of methyldiphenylmethane.
Yields of diphenylmethane and methyldiphenylmethane as a function of temperature or
pressure show similar trends to those of biphenyl and alkylated biphenyl with increasing
temperature or pressure.

Figure 5.7a shows that yields of diphenylmethane and

methyldiphenylmethane increase exponentially with increasing temperature. As temperature
increases, more radicals are produced in the reaction environment; the radicals can then abstract
hydrogen atoms from the methyl group of toluene (as an example) to produce benzyl radicals;
then the benzyl radicals further participate in the production of diphenylmethane and
methyldiphenylmethane as in Schemes 5.18 and 5.19, respectively. Yields of diphenylmethane
and methyldiphenylmethane, as a function of pressure also show an upward trend with increasing
pressure. This upward trend with increasing pressure is likely due to the fact that density (and
hence concentration) is a linear function of pressure.

5.4.3 Bibenzyl
Bibenzyl is identified as a product of supercritical toluene pyrolysis by GC/FID/MS.
Yields of bibenzyl are presented as functions of temperature, at 100 atm and 140 sec, in Figure
5.8a, and as functions of pressure, at 685 °C and 140 sec, in Figure 5.8b.
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The reaction mechanism leading to the formation of bibenzyl in toluene pyrolysis [32,33]
has been previously discussed in Section 2.3 and is illustrated in Scheme 5.21.
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Figure 5.8 Yields of bibenzyl from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.

+

5.21

Another reaction mechanism for the formation of bibenzyl is a reaction between a
phenylethyl radical and benzene.

As shown in Scheme 5.22, in this alternative reaction

mechanism, the initial step is a phenylethyl radical attacking a benzene unit (the first reaction in
Scheme 5.22), yielding a bibenzyl radical intermediate, and then hydrogen loss yields bibenzyl.

+

-H

5.22

Because benzyl radicals (shown as products in Schemes 5.2 and 5.3) are readily available
in toluene pyrolysis, it is suggested that the formation of bibenzyl is favored through the reaction
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mechanism shown in Scheme 5.21. Bibenzyl, in previous aliphatic [22,23] and toluene pyrolysis
[30,42,43] studies, has been elucidated to be the precursor of phenanthrene formation, which is
later discussed.
Yields of bibenzyl as a function of temperature or pressure show similar trends to those
of diphenylmethane and biphenyl with increasing temperature or pressure. Figure 5.8a shows
that yields of bibenzyl increase with increasing temperature; however, between 675 and 685 °C
there is a decrease in yield, which can be attributed to bibenzyl participating in further reactions
such as in the formation of phenanthrene. Yields of bibenzyl as a function of pressure, shown in
Figure 5.8b, show more of a linear increase with increase in pressure. The upward trend with
increasing pressure is likely because of the increase in density (and hence concentration) with
pressure.

5.5 Polycyclic Aromatic Hydrocarbons Products
Figures 5.9 through 5.22 present the yields of identified PAH from the two sets of
experiments in which toluene was pyrolyzed a) at a constant pressure of 100 atm, a constant
residence time of 140 sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C
and b) at a constant temperature of 685 °C, a constant residence time of 140 sec, and at constant
pressures of 50, 70, 90, and 100 atm.
The sections that follow will cover each unsubstituted PAH product as well as its
alkylated and phenylated derivatives. Identified products will be recognized, and the reaction
mechanisms for the formation of each of these products will be discussed. Dominant reaction
pathways will be indicated when possible.

Yield trends of PAH products with respect to

temperature and pressure are discussed in Section 5.6.4.

5.5.1 Fluorene
Fluorene, 1-methylfluorene, 4-methylfluorene, and a methylfluorene (for which the
position of the methyl group is not known) are identified as products of supercritical toluene
pyrolysis. Figure 5.9 shows the yields of fluorene and summed yields of identified
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methylfluorenes. The yields of the three methylfluorenes are reported as a sum because the
reactions leading to the formation of these products are essentially the same and because the
yield trends of these products with respect to temperature and pressure are the same.
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Figure 5.9 Yields of fluorene and summed yields of three methylfluorenes from the supercritical
pyrolysis of toluene: (a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus
pressure, at 685 °C and 140 sec.
The reaction mechanism leading to the formation of fluorene in toluene pyrolysis [30,32]
has been previously discussed in Section 2.3 and is illustrated in Scheme 5.23.
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-H

5.23

Similarly, the reaction mechanism for the formation of methylfluorenes will proceed in a
reaction pathway similar to that of the formation of fluorene (Scheme 5.23); however, the
reactant is a methyldiphenylmethane (product in Scheme 5.20) instead of a diphenylmethane.
It is possible that diphenylmethane does not have to be the precursor for the formation of
fluorene. As shown in Scheme 5.24, for this alternative mechanism the initial step is a benzyl
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radical attacking benzene to form an intermediate. Then the radical attacks an aromatic carbon
on the adjacent ring and subsequent dehydrogenation yields fluorene.

- 3H

+

5.24

2-Methylbiphenyl is identified as a product of supercritical toluene pyrolysis; therefore,
fluorene could also be the product of subsequent reactions involving 2-methylbiphenyl (product
in Scheme 5.16). As shown in Scheme 5.25 for this alternative mechanism, the methyl group of
2methylbiphenyl loses a hydrogen to form a radical; the radical in this position can attack the
adjacent aromatic ring to form a five-membered ring between the two six-membered rings. Loss
of hydrogen yields the final product fluorene.

-H

-H

5.25

The reaction pathways for the formation of methylfluorenes in supercritical toluene
pyrolysis are suggested to be similar to those depicted for the formation of fluorene (mainly
Schemes 5.23 and 5.24). Although the reactants are presented as a benzyl radical and benzene to
form fluorene, just as likely are a benzyl radical and toluene reacting form methylfluorenes.
Yields of fluorene and summed yields of methylfluorenes as a function of temperature or
pressure show trends similar to those of two-ring aromatics, discussed in Sections 5.4.1 through
5.4.3. Figure 5.9a shows that yields of fluorene and summed yields of methylfluorenes increase
exponentially with increasing temperature.

As temperature increases, more radicals are

produced in the reaction environment; the radicals then abstract hydrogen atoms from toluene to
produce benzyl radicals; then the benzyl radicals further participate in the production of
diphenylmethane and methyldiphenylmethane, which in turn can participate in further reactions
to produce fluorene and methylfluorene. Yields of fluorene and yields of summed
methylfluorenes as functions of pressure, shown in Figure 5.9b, also show an upward trend with
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increasing pressure. The upward trend with increasing pressure is likely due to the fact that
density (and hence concentration) is a linear function of pressure. Comparison of the two yield
plots of Figure 5.9 indicates that increasing pressure has a less drastic effect than increasing
temperature on the formation of fluorene and methylated fluorenes in these sets of supercritical
toluene pyrolysis experiments.

5.5.2 Anthracene and Phenanthrene
Anthracene is identified as a product of supercritical toluene pyrolysis; yields of this
product

are

presented

in

Figure 5.10.

Phenanthrene,

cyclopenta[def]phenanthrene,

1methylphenanthrene, 2-methylphenanthrene, and 3-methylphenanthrene are identified as
products of supercritical toluene pyrolysis; yields of phenanthrene, cyclopenta[def]phenanthrene,
and summed yields of the 1-, 2-, and 3-methylphenanthrenes are presented in Figure 5.11. The
yields of identified methylphenanthrenes are reported as sums because the reactions and
reactants leading to the formation of these products are essentially the same, and yield trends
with respect to temperature and pressure are the same.
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Figure 5.10 Yields of anthracene from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
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Figure 5.11 Yields of phenanthrene, cyclopenta[def]phenanthrene, and summed yields of 1-, 2-,
and 3-methylphenanthrene from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.

The reaction mechanism for the formation of anthracene in toluene pyrolysis [32,42] has
been previously discussed in Section 2.3 and is illustrated in Scheme 5.26.

-H

-H

- 2H

5.26

It should be noted that anthracene could also form from the methyldiphenylmethane,
which alternatively produces methylfluorenes; however, comparison of the yields of summed
methylfluorenes (Figure 5.9) to those of anthracene (Figure 5.11) reveal that anthracene yields
are three times lower than those summed of the methylfluorenes. This difference in yields is due
to the necessity of the methyl group (of the methyldiphenylmethane) to be located at a specific
position for the formation of anthracene.
The reaction mechanism for the formation of phenanthrene in toluene pyrolysis [30,42]
has been previously discussed in Section 2.3 and is illustrated in Scheme 5.27.
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-H

-H

- 2H

5.27

Like phenanthrene formation, the reaction mechanism for the formation of
methylphenanthrenes is illustrated in Scheme 5.28. The initial stage is the formation of a
methylbibenzyl; then it essentially undergoes the same intermediate reactions as depicted in
Scheme 5.27 to produce a methylphenanthrene.

For simplicity, the methybibenzyl radical

(analogous to the bibenzyl radical illustrated in Scheme 5.27) is omitted from the reaction shown
in Scheme 5.28.

It should be noted that Scheme 5.28 is an example of how a

methylphenanthrene (in this case 1methylphenanthrene) is produced, but the mechanism applies
to the formation of all methylphenanthrenes.

- 2H

- 2H

+

5.28

It should be noted that methyl addition to phenanthrene is another reaction mechanism
that could lead to the formation of methylphenanthrenes.

In this alternative mechanism,

phenanthrene is produced first; then a methyl radical attacks an aromatic carbon to produce
methylphenanthrene.
Compared to the bond dissociation energy of the methyl-carbon/hydrogen bond of
toluene,

the

bond

dissociation

energy

of

the

methyl-carbon/hydrogen

bond

of

methylphenanthrenes is weaker [35]; thus 4methylphenanthrene, which is not observed as a
product, is likely depleted from the final toluene pyrolysis products by the formation of
cyclopenta[def]phenanthrene.
The reaction mechanism for the formation of cyclopenta[def]phenanthrene has been
elucidated in another toluene [34] pyrolysis study. Figure 5.29 shows that the initial step is
hydrogen loss from the methyl substituent of 4methylphenanthrene to produce a
phenanthrylmethyl radical. This methyl radical then attacks the carbon on the five position of
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phenanthrene to form the five-membered ring. Finally, loss of hydrogen yields the product
cyclopenta[def]phenanthrene.

-H

-H

5.29

5.5.3 Phenyl-Substituted Aromatic Products
Alkylated terphenyls are identified as products of supercritical toluene pyrolysis. Figure
5.12 presents the yields of one dimethyl-o-terphenyl, summed yields of two dimethyl-mterphenyls, and summed yields of two dimethyl-p-terphenyls. The yields of two dimethyl-mterphenyls are reported as sums because the reactions leading to the formation of these products
are the same. The yields of two dimethyl-p-terphenyls are reported as sums for the same reason.
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Figure 5.12 Yields of a dimethyl-o-terphenyl, summed yields of two trimethyl-m-terphenyls, and
summed yields of two dimethyl-p-terphenyls from the supercritical pyrolysis of toluene:
(a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and
140 sec.
Methylated 9-phenylfluorenes are identified as products of supercritical toluene
pyrolysis; summed yields of three methyl-9phenylfluorenes are presented in Figure 5.13. The
yields of three methyl-9phenylfluorenes are reported as sums because the reactions leading to
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the formation of these products are essentially the same and their yield trends with respect to
temperature and pressure are the same.
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Figure 5.13 Summed yields of three methyl-9-phenylfluorenes from the supercritical pyrolysis
of toluene: (a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus pressure, at
685 °C and 140 sec.
Phenylanthracene, phenylphenanthrene, and their methylated derivatives are identified as
products of supercritical toluene pyrolysis. Figure 5.14 presents summed yields of two methyl9-phenylanthracenes; and Figure 5.15 presents yields of 2-phenylanthracene and summed yields
of two methyl-2-phenylanthracenes. Figure 5.16 presents yields of 2phenylphenanthrene and
summed yields of identified methyl-2-phenylphenanthrenes; and Figure 5.17 presents yields of
9-phenylphenanthrene and summed yields of two methyl3phenylphenanthrenes.

The

methylated products are presented as summed yields because the reactions and reactants leading
to those particular products are the same.
The reaction mechanism for the formation of the alkyl terphenyls is similar to the
reaction mechanism for the formation of alkylated biphenyls (discussed in Section 5.4.1). Alkyl
terphenyls (o-terphenyl, m-terphenyl, and p-terphenyl) are products of a tolyl group attacking
methylbiphenyls or dimethylbiphenyls. Depicted in Scheme 5.30 is a reaction between an o88

tolyl radical and 2methylbiphenyl, yielding 2,3′′-dimethyl-o-terphenyl. Similarly, isomers of
dimethyloterphenyl follow the same reaction pathway.
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Figure 5.14 Summed yields of two methyl-9-phenylanthracenes from the supercritical pyrolysis
of toluene: (a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus pressure, at
685 °C and 140 sec.
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Figure
5.15
Yields
of
2-phenylanthracene
and
summed
yields
of
two
methyl-2-phenylanthracenes from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
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Figure 5.16 Yields of 2-phenylphenanthrene and summed yields of two
methyl-2-phenylphenanthrenes from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
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Figure 5.17 Yields of 9-phenylphenanthrene and summed yields of two
methyl-3-phenylphenanthrenes from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
For formation of alkylated meta- and para-terphenyls, the reaction pathway will follow the same
reaction mechanism as shown in Scheme 5.30, but the addition of the tolyl radical will occur at
the meta or para position of the alkylated biphenyl.
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-H

+

5.30

It should be noted that methylation of terphenyls is a possible reaction pathway for
formation of alkylated terphenyls; however, o-terphenyl, mterphenyl, and p-terphenyl are not
identified in this toluene pyrolysis study so methylation to form alkyl terphenyls is considered to
be a minor contributor to the overall yields of alkyl terphenyls. This is expected because they
would require phenyl radicals, which are considered to be less abundant than tolyl in the reaction
environment, for their formation.
The reaction mechanism for the formation of phenylphenanthrene in toluene pyrolysis
[34] has been previously discussed in Section 2.3 and will be adapted to explain the formation of
phenyl-substituted and tolylsubstituted fluorenes, anthracenes, and phenathrenes. As shown in
Schemes 5.31a, 5.31b, and 5.31c, phenylation of fluorene, anthracene, and phenanthrene
produces the phenyl-substitituted derivatives of these three-ring PAH products. Omission of the
intermediate products in Schemes 5.31a, 5.31b, and 5.31c is done for simplicity; however, the
intermediate products are analogous to those illustrated in Scheme 2.15. It should be understood
that phenyl radicals can attack at different positions on the molecule, and thus yield different
phenyl-substituted fluorene, anthracene, and phenanthrene isomers.

+

+

+

-H

-H

-H

5.31a

5.31b

5.31c
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The reaction mechanism for the formation of methyl-substituted phenylfluorene, methylsubstituted phenylanthracene, and methyl-substituted phenylphenanthrene is tolyl addition to
fluorene, anthracene, or phenanthrene, respectively.

Illustrated in Scheme 5.32 is m-tolyl

addition to the nine position of fluorene to form 9-(m-tolyl)-fluorene.

+

-H

5.32

The reaction mechanism leading to the formation of methylated phenylanthracenes and
methylated phenylphenanthrenes follows the same reaction mechanism illustrated in Scheme
5.32 except the reactants are tolyl radical and anthracene or tolyl radical and phenanthrene,
respectively.
5.5.4 Benzofluoranthene
Benzo[a]fluoranthene is identified as a product in supercritical toluene pyrolysis. Yields
of benzo[a]fluoranthene are presented as functions of temperature, at 100 atm and 140 sec, in
Figure 5.18a, and as functions of pressure at, 685 °C and 140 sec, in Figure 5.18b.
Benzo[b]fluoranthene and two methylbenzo[b]fluoranthenes are identified as products in
supercritical toluene pyrolysis; yields of benzo[b]fluoranthene and summed yields of two
methylbenzo[b]fluoranthenes are presented in Figure 5.19. The yields of the two identified
methylbenzo[b]fluoranthenes are reported as a sum because the reactions and reactants leading to
the formation of these products are essentially the same, and the yield trends with respect to
temperature and pressure are the same.
Analogous to the reaction mechanism proposed for the formation of benzo[j]fluoranthene
in supercritical 1-methylnaphthalene pyrolysis (discussed in Section 2.3) [27], Schemes 5.33 and
5.34 illustrate the reaction mechanisms leading to the formation of benzo[a]fluoranthene and
benzo[b]fluoranthene, respectively. As shown in Schemes 5.33 and 5.34, 9-phenylanthracene
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and 9-phenylphenanthrene can undergo subsequent reactions to yield benzo[a]fluoranthene and
benzo[b]fluoranthene, respectively.
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Figure 5.18 Yields of benzo[a]fluoranthene from the supercritical pyrolysis of toluene:
(a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and
140 sec.
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Figure 5.19 Yields of benzo[b]fluoranthene and summed yields of two
methylbenzo[b]fluoranthenes from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
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5.33

-H

5.34

The reaction mechanism for the formation of methylated benzofluoranthene in
supercritical toluene pyrolysis is similar to that in supercritical 1-methylnaphthalene pyrolysis
[27] except the reactant is a methylated phenylphenanthrene or methylated phenylanthracene.
As shown in Scheme 5.35, if the reactant is a methylated derivative (for this example a methylsubstituted 9-phenylphenanthrene), it could participate in similar subsequent reactions as
depicted in Schemes 5.33 and 5.34 to produce 6-methylbenzo[b]fluoranthene.

-H

-H

5.35

Obviously, methylation of an unsubstituted benzofluoranthene is another possible path to
the formation of these products.
5.5.5 Indeno- and Naphtho-Fused PAH
Indeno[1,2-b]fluorene,

naphtho[2,3-b]fluorene,

naphtho[2,1-a]fluorene,

and

two

methylnaphtho[2,1-a]fluorenes are identified as five-ring PAH products of supercritical toluene
pyrolysis. These five-ring PAH, along with the fluoranthene benzologues discussed in Section
5.6.2, are the highest-ring-number PAH identified among the products at the onset of the
production of high quantities of carbonaceous solid deposits that eventually clog the reactor
system. Yields of indeno[1,2b]fluorene are presented as a functions of temperature, at 100 atm
and 140 sec, in Figure 5.20a, and as a function of pressure, at 685 °C and 140 sec, in Figure
5.20b. Yields of naphtho[2,3-b]fluorene are presented as a function of temperature, at 100 atm
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and 140 sec, in Figure 5.21a, and as a function of pressure, at 685 °C and 140 sec, in Figure
5.21b.
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Figure 5.20 Yields of indeno[1,2-b]fluorene from the supercritical pyrolysis of toluene:
(a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and
140 sec.
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Figure 5.21 Yields of naphtho[2,3-b]fluorene from the supercritical pyrolysis of toluene:
(a) yields versus temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and
140 sec.
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Yields of naphtho[2,1-a]fluorene and summed yields of two methylnaphtho[2,1-a]fluorenes are
presented as functions of temperature, at 100 atm and 140 sec, in Figure 5.22a, and as functions
of pressure, at 685 °C and 140 sec, in Figure 5.22b. The yields of two methylnaphtho[2,1-

a]fluorenes are reported as sums because the reactions and reactants leading to the formation of
these products are essentially the same, and yield trends with respect to temperature and pressure
are the same.
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Figure 5.22 Yields of naphtho[2,1-a]fluorene and summed yields of two
methylnaphtho[2,1a]fluorenes from the supercritical pyrolysis of toluene: (a) yields versus
temperature, at 100 atm and 140 sec; (b) yields versus pressure, at 685 °C and 140 sec.
A reaction mechanism for the formation of indeno[1,2-b]fluorene is illustrated in Scheme
5.36—in keeping with the proposed reaction mechanism for the formation of fused fivering
PAH products in supercritical 1-methylnaphthalene pyrolysis (discussed in Section 3.2) [27]. As
shown in Scheme 5.36, the reaction mechanism for the formation of indeno[1,2-b]fluorene is
analogous to the formation of fluorene (Scheme 5.23). The initial step is a benzyl radical
attacking the carbon located at the three position of a fluorene molecule, yielding a 3benzylfluorene radical, and subsequent hydrogen loss yields 3benzylfluorene. Next, loss of
hydrogen from the intermediate product yields an aryl radical. (The term “aryl radical” refers to
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a radical located on an aromatic carbon.) The aryl radical then attacks the aromatic carbon on
the adjacent ring to form the new five-membered ring; finally loss of a hydrogen yields
indeno[1,2-b]fluorene.

-H

-H

-H

5.36

As in the case of fluorene formation in Scheme 5.24, it is possible that hydrogen loss
from the adjacent aromatic carbon (in the second reaction of Scheme 5.36) is not a necessary
step in the formation of indeno[1,2-b]fluorene. As shown in Scheme 5.37 in an alternative
mechanism, benzyl radical attack on fluorene (the first step in Scheme 5.36) is the same.
However, instead of forming the intermediate 3-benzylfluorene, the radical, which has moved
from the benzyl radical onto one of the aromatic carbon, immediately attacks the adjacent phenyl
group to form the new five-membered ring. Finally, dehydrogenation yields the final product
indeno[1,2-b]fluorene.

- 3H

5.37

A reaction mechanism for the formation of naphtho[2,3-b]fluorene is elucidated from the
mechanisms depicted in Scheme 5.36, for the formation of indene[1,2-b]fluorene, and in Scheme
5.24, for the formation of fluorene; except anthracene and a benzyl radical are the reactants. As
shown in Scheme 5.38, the initial step is benzyl addition at the two position of anthracene, with
subsequent hydrogen loss yielding the intermediate 2-benzylanthracene. Next, loss of hydrogen
from the intermediate product yields an aryl radical. The radical then attacks the aromatic
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carbon on the adjacent ring to form the new five-membered ring; finally loss of a hydrogen
yields naphtho[2,3-b]fluorene. Intermediate products have been omitted in Scheme 5.38 for
simplicity; however, the omitted intermediates are analogous to those illustrated in Schemes 5.24
and 5.36.

-H

- 2H

5.38

A reaction mechanism leading to the formation of naphtho[2,1-a]fluorene is elucidated
from the mechanism depicted in Scheme 5.38 for the formation of naphtho[2,3-b]fluorene (as
well as those for the formation of fluorene and indeno[1,2-b]fluorene); except phenanthrene and
a benzyl radical are the reactants. As shown in Scheme 5.39, the initial step is benzyl addition to
the one position of phenanthrene yielding a 1-benzylphenanthrene radical, and subsequent
hydrogen loss yields 1benzylphenanthrene (intermediate product in Scheme 5.39). Next, loss of
hydrogen from the intermediate product yields an aryl radical. The radical then attacks the
aromatic carbon on the adjacent ring to form the new five-membered ring; finally loss of a
hydrogen yields naphtho[2,1a]fluorene. Intermediate products have been omitted in Scheme
5.39 for simplicity; however, the omitted intermediates are analogous to those in Schemes 5.24
and 5.36.

-H

- 2H

5.39

It is possible that naphtho[2,1-a]fluorene could form by the same reaction mechanism
responsible for phenanthrene formation (outlined in Scheme 5.21) but the reactants would be a
benzyl radical and a fluorenylmethyl radical. As shown in Scheme 5.40 in this alternative
mechanism, the two radicals combine to form the intermediate depicted below. Next, loss of
hydrogen from the intermediate product yields an aryl radical. The radical then attacks the
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aromatic carbon on the adjacent ring to form the new six-membered ring; finally
dehydrogenation yields naphtho[2,1a]fluorene. Aryl radical intermediates after the combination
reaction between the benzyl radical and fluorenthylmethyl radical have been omitted in Scheme
5.40 for simplicity; however, the omitted intermediates are analogous to those in Scheme 2.14
(formation of phenanthrene).

- 4H

+

5.40

A reaction mechanism for the formation of methylnaphtho[2,1-a]fluorene is xylene
radical (radical located on a methyl group) addition to phenanthrene, followed by the same
reactions discussed for the formation of naphtho[2,1-a]fluorene (Scheme 5.39). As shown in
Scheme 5.41, the initial step is a xylene radical attacking the carbon located at the one position
of phenanthrene, yielding a 1(3methylbenzyl)phenanthrene radical, and subsequent hydrogen
loss yields 1(3methylbenzyl)phenanthrene (intermediate product in Scheme 5.41). Next, loss
of hydrogen from the intermediate product yields an aryl radical. The radical then attacks the
aromatic carbon on the adjacent ring to form the new five-membered ring; finally loss of a
hydrogen yields methylnaphtho[2,1-a]fluorene.

Radical intermediates have been omitted in

Scheme 5.41 for simplicity; however, the omitted intermediates are analogous to those in
Schemes 5.24 and 5.36.

-H

-2H

5.41

Obviously, addition of a methyl group to the unsubstituted naphtho[2,1-a]fluorene is
another possible reaction pathway to the formation of methylnaphtho[2,1-a]fluorenes.

5.5.6 Summary of Results and Conclusions Related to PAH
Altogether, 12 unsubstituted PAH products have been identified as products of
supercritical toluene pyrolysis as well as 26 alkylated derivatives of three- to five-ring PAH.
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Formation of these products has been shown to be the result of aryl addition to lowerringnumber aromatic products, followed by reactions that incorporate to produce new five- or sixmembered rings into the chemical structure.
As shown in Figures 5.9a through 5.22a, yields increase with increasing temperatures
between 600 and 650 °C (no three- to five-ring PAH products were identified at 550 °C), then
increase sharply above 650 °C. The upward trends of three- to five-ring PAH products with
increasing temperature are consistent with increases in the production of intermediates
responsible for their formation.

Higher temperatures increase the production of hydrogen

radicals which can abstract hydrogen atoms from toluene molecules to produce tolyl and phenyl
radicals. These tolyl and phenyl radicals can further participate in addition reactions to form
higher-ring-number PAH products.

Furthermore, increasing the temperature increases the

production of aryl and arylmethyl radicals. These aryl and arylmethyl radicals then proceed in
further reactions to yield PAH products identified in this study
PAH product yields as functions of pressure, shown in Figures 5.9b through 5.22b, also
show an upward trend with increasing pressure. PAH product yield trends with respect to
pressure are consistent with increases in the density of the supercritical fluid toluene in the
reactor. Increasing the density of the reactant increases its concentration, leading to higher
formation rates of all products, including PAH. Additionally, high pressures introduce cage
effects [22,29], allowing sufficient time for not-fully-aromatic molecules to lose hydrogen and
become fully aromatic products.

5.6 Summary and Conclusions
Yield profiles have been determined for the products of supercritical toluene pyrolysis at
two sets of experiments: a) at a constant pressure of 100 atm, a constant residence time of 140
sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C and b) at a constant
temperature of 685 °C, a constant residence time of 140 sec, and at constant pressures of 50, 70,
90, and 100 atm. The yields of all PAH products were found to increase with respect to both
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increasing pressure and temperature. Yields of four- and five-ring PAH were found to increase
drastically at temperatures and pressures corresponding to the onset of carbonaceous solids
formation; indicating a strong correlation between the formations of large PAH and solid
deposits.
A comparison of the trends in the yield profiles of the alkane and alkene gases to those of
PAH indicate that with increasing temperature or pressure, methyl radicals preferentially react
with PAH over other alkanes and alkenes.
As in previous model aromatic-fuel pyrolysis studies [26,27] in the temperature range of
the present study, the aromatic carboncarbon bond of toluene is not observed to break. Because
the aromatic carbon-carbon bond of toluene stays intact even at 685 °C, 100 atm, and 140 sec,
reaction pathways leading to the formation of PAH products in this study of supercritical toluene
pyrolysis do not deviate far from those elucidated by Walker in the study of supercritical
1methylnaphthalene pyrolysis [31]. The aromatic carbon-carbon bond of toluene never breaks
under the experimental conditions conducted in this work; therefore, it can be deduced that
reaction mechanisms for the formation of PAH in supercritical toluene pyrolysis follow the path
of lowerringnumber PAH to higher-ring-number PAH, and never the reverse.
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Chapter 6. Conclusions and Recommendations
To better understand the formation of PAH in the pre-combustor fuel lines of next
generation high-speed aircrafts, experiments have been performed with the model fuel toluene
(critical temperature, 319 °C, critical pressure, 41 atm), chosen to represent the one-ring aromatic
components of hydrocarbon aircraft fuels, in a supercritical fuel pyrolysis reactor at two sets of
experimental conditions: a) at a constant pressure of 100 atm, a constant residence time of 140
sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C and b) at a constant
temperature of 685 °C, a constant residence time of 140 sec, and at constant pressures of 50, 70,
90, and 100 atm. These conditions are beyond the critical temperatures and pressures of jet fuels
as well as toluene.
Gas chromatography (GC) with flame-ionization detection (FID) and mass spectrometry
(MS) and high-pressure liquid chromatography (HPLC) with diode-array ultraviolet-visible
absorbance detection (UV) and mass spectrometry allowed for the identification of 60
hydrocarbon products of supercritical toluene pyrolysis. Of these products, 22 PAH products
(three unsubstituted PAH, one phenyl substituted PAH, and 18 alkylated PAH) have never
before been identified as products of toluene pyrolysis until now. The highest molecular weight
(also the lowest yield) alkane and alkene identified as products of supercritical toluene pyrolysis
are propane and propylene, respectively-clearly indicating that methyl radicals in the toluene
reaction environment do not readily react with alkanes and alkenes to yield higher-carbonnumber alkanes and alkenes. In the analysis of the liquid-phase products by HPLC/UV/MS,
five-ring PAH are the largest PAH identified in the supercritical toluene pyrolysis products at
conditions preceding the onset of high production of solid deposits that eventually clog the
reactor system.
By using a single-component fuel as a model fuel it has been possible to determine
reaction pathways leading to the formation of the identified products of supercritical toluene
pyrolysis.

The formation of each product identified can be explained by combinations of
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toluene, benzene, xylene, methane, and their radicals.

Additionally, polycyclic aromatic

hydrocarbons have been determined to participate in further reactions that lead to the
incorporation of a new five- or six-membered ring into the chemical structure.
The chemical structures of the identified PAH, as well as low yields of gaseous products
larger than methane, clearly indicates that the aromatic carbon-carbon bond of toluene is too
strong to break at the experimental conditions examined. In addition, the low yields of ethane,
ethylene, propane, and propylene-combined with the continued increase in yields of PAH
observed in toluene pyrolysis-indicate that at supercritical conditions, methyl radicals
preferentially react with aromatic molecules rather than reacting with alkyl radicals to form C2 or
C3 gases.

These are important pieces of information for understanding how aromatic

components of jet fuels behave at supercritical conditions.
The first set of experiments was conducted at a constant pressure of 100 atm, a constant
residence time of 140 sec, and at constant temperatures of 550, 600, 625, 650, 675 and 685 °C.
These parameters were chosen to investigate the effect of varying temperature on toluene
pyrolysis product yields at conditions relevant to solids formation, but not so severe as to
actually form solids in amounts which could clog the reactor system. Yields of the aromatic
products as a function of temperature were found to increase with increasing temperature and
increase exponentially at temperatures between 650 and 685 °C. The upward trends of three- to
five-ring PAH products with increasing temperature are consistent with increases in the
production of the intermediates responsible for their formation. Higher temperatures favor the
production of radical species by promoting loss of hydrogen from aromatic and alkylated
aromatic molecules, thereby increasing the rates of reactions in which these radicals participate.
Additionally, C1-C3 gaseous products in this set of experiments of toluene pyrolysis do not seem
to directly promote the formation of higher-ring-number PAH; however, the presence of a
methyl group on the aromatic structure does promote the formation of larger products such as
anthracene and indenofluorene.
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The second set of experiments was conducted at a constant temperature of 685 °C, a
constant residence time of 140 sec, and at constant pressures of 50, 70, 90, and 100 atm. (Prior
to this set of experiments, the upper pressure limit with regard to the formation of carbonaceous
solids had been determined for supercritical pyrolysis of toluene at 685 °C and 140 sec to be 100
atm.) Therefore, the parameters for the second set of experiments were chosen to investigate the
effect of varying pressure on toluene pyrolysis product yields at conditions relevant to solid
formation, but not so severe as to actually form solids in amounts which could clog the reactor
system. Yields of the aromatic products as functions of pressure were found to increase with
increasing pressure. This upward trend confirms that increasing pressure increases the density of
the supercritical fluid toluene in the reactor; therefore, the resulting higher concentration of the
reactant leads to higher formation rates of the aromatic products.
The yield profiles, for both sets of experiments, of the five-ring PAH products indicate
that increasing temperature or pressure initiates reactions between multiple aromatic molecules,
to such a high extent that carbonaceous solid deposits are formed and eventually amass high
enough quantities that clog the reactor system. The results presented in this study indicate that
PAH are the precursors to carbonaceous solid formation.
In this study, it is possible to conclude that the aromatic components present in real-world
jet fuels will maintain their aromatic structures, and thus serve as building blocks for the
formation of higher-ring-number PAH and ultimately carbonaceous solids. Because real-world
jet fuels are complex mixtures of both aliphatic and aromatic components, in this study only one
aromatic compound has been pyrolyzed at supercritical conditions, in order to reduce the
complexity of possible reaction mechanisms for the formation of PAH. In order to better
understand the effects of temperature and pressure on real-world jet fuels, it is important to
investigate the effects of temperature and pressure on other hydrocarbon components, in
particular aliphatic components. After improving the understanding of the effects of temperature
and pressure on individual aliphatic and aromatic model fuels, the next step would be to co104

pyrolyze a mixture of aliphatic and aromatic components to gain a better understanding of how
real-world jet fuels would behave at supercritical conditions. This will in turn provide the
necessary information to develop the optimum fuel systems and fuels that will be used to serve
as coolant in the development of next-generation high-speed aircraft.
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Appendix A. Reverse-phase HPLC Chromatograms for the Quantification of Two- to FiveRing Aromatic Hydrocarbons
This appendix presents the reverse-phase HPLC chromatograms of supercritical toluene
pyrolysis for two sets of experiments: a) constant temperature of 685 °C, constant residence time
of 140 sec, and the four constant pressures of 50, 70, 90, and 100 atm and b) constant pressure of
100 atm, constant residence time of 140 sec, and the five constant temperatures of 550, 600, 625,
650, and 685 °C. Figures A.1 and A.2 comprise the pressure series set of experiments; and
Figures A.3, A.4, and A.5 comprise the temperature series set of experiments.
Structures of the identified products in Figures A.1 through A.5 are designated by color,
according to product group. Purple: one-ring aromatics; black: biphenyl, methylbiphenyls, and
dimethylbiphenyls; teal:

bibenzyl, diphenylmethane, and methyldiphenylmethane; medium

green: fluorene and methylfluorenes; red: anthracene, phenanthrene, methylphenanthrenes, and
cyclopenta[def]phenanthrene; brown:

methylphenylfluorenes; dark green:

methylated

terphenyls; dark blue: unmethylated phenylphenanthrenes, methylated phenylphenanthrenes,
unmethylated phenylanthracenes, and methylated phenylanthracenes; gray:

unmethylated

fluoranthene benzologues and methylated fluoranthene benzologues; bright blue: indeno[1,2-

b]fluorene; and pink: unmethylated naphthofluorenes and methylated naphthofluorenes
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Figure A.1. Reverse-phase HPLC chromatograms of the products of supercritical toluene
pyrolysis at 685°C, 140 sec, and pressures of a) 50 atm and b) 70 atm.
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Figure A.2. Reverse-phase HPLC chromatograms of the products of supercritical toluene
pyrolysis at 685°C, 140 sec, and pressures of a) 90 atm and b) 100 atm.
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Figure A.3. Reverse-phase HPLC chromatograms of the products of supercritical toluene
pyrolysis at 100 atm, 140 sec, and temperatures of a) 550°C and b) 600°C.
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Figure A.4. Reverse-phase HPLC chromatograms of the products of supercritical toluene
pyrolysis at 100 atm, 140 sec, and temperatures of a) 625°C and b) 650°C.
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Figure A.5. Reverse-phase HPLC chromatograms of the products of supercritical toluene
pyrolysis at 100 atm, 140 sec, and temperatures of a) 675°C and b) 685°C.
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Appendix B. Numerical Values of Product Yields
B.1 Alkane and Alkene Product Yields
Yields of methane, ethane, ethylene, propane, and propylene are each reported in
micrograms of product per gram of toluene fed to the reactor.
B.1.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Methane
Ethane
Ethylene
Propane
Propylene

550

600

625

650

675

685

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

2329.19
39.39
12.71
0.00
0.00

6525.96
70.51
26.58
49.62
38.18

17348.01
197.20
32.07
43.07
23.52

26512.25
198.15
32.48
11.30
7.98

B.1.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Methane
Ethane
Ethylene
Propane
Propylene

50

70

90

100

5320.44
59.60
44.85
32.11
27.81

10299.50
106.28
41.79
34.51
24.47

17836.22
234.60
40.22
36.95
23.46

26512.25
198.15
32.48
11.30
7.98

116

B.2 Benzene Product Yields
Yields of benzene product yield and its alkylated derivatives are reported in micrograms
of product per gram of toluene fed to the reactor. Benzene yield is reported as summed yields of
benzene in the gas- and liquid-phases; co-eluting products m- and p-xylene are reported as a
summed yield.
B.2.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Benzene
Ethylbenzene
m- and p-Xylene
o-Xylene
Styrene

550

600

0.00
30.79
62.85
2.16
1.45

1200.32
46.93
102.52
26.91
19.21

625

650

675

685

3513.60 16595.62 55685.77 63363.31
117.83
854.35 3893.16 4608.31
212.65
868.77 3357.64 4262.61
80.79
356.78
1237.7 1542.21
115.68
459.29 1088.52 1012.61

B.2.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Benzene
Ethylbenzene
m- and p-Xylene
o-Xylene
Styrene

50

70

90

100

13445.45
673.20
738.66
299.53
820.13

28272.14
1791.13
1713.62
663.80
1076.69

47154.56
3232.50
2922.58
1074.85
1006.83

63363.31
4608.31
4262.61
1542.21
1012.61
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B.3. Biphenyl and Terphenyl Product Yields
Yields of biphenyl, methylbiphenyls, dimethylbiphenyls, and alkylated terphenyls yields
are reported in micrograms of product per gram of toluene fed to the reactor.
B.3.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Biphenyl
2-Methylbiphenyl
3-Methylbiphenyl
4-Methylbiphenyl
2,2'-Dimethylbiphenyl
3,3'-Dimethylbiphenyl
4,4'-Dimethylbiphenyl
Dimethylbiphenyl
Dimethyl-o-terphenyl
Trimethyl-m-terphenyl
Trimethyl-m-terphenyl
Dimethyl-p-terphenyl
Dimethyl-p-terphenyl

550

600

0.00
2.17
20.48
86.43
13.22
90.09
25.46
65.35
0.00
0.00
0.00
0.00
0.00

0.00
30.98
285.16
1011.99
144.38
1129.12
326.07
606.52
0.00
0.00
0.00
0.00
0.00
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625

650

675

685

27.61
236.05 2734.88 5312.25
88.55
316.19
850.72
978.92
885.28 4040.12 15743.57 20856.87
2272.93 5221.55 10956.72 12903.50
267.90
365.16
346.47
254.16
3109.29 10663.03 21178.34 20857.39
889.17 3089.53 6295.35 6343.10
1998.89 5928.76 8597.94 19022.76
0.64
21.74
114.24
669.05
0.67
57.86
176.10
306.37
0.99
48.02
356.25
571.77
0.67
10.49
122.26
216.99
1.28
15.37
124.32
215.35

B.3. Continued Biphenyl and Terphenyl Product Yields
Yields of biphenyl, methylbiphenyls, dimethylbiphenyls, and alkylated terphenyls yields
are reported in micrograms of product per gram of toluene fed to the reactor.
B.3.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Biphenyl
2-Methylbiphenyl
3-Methylbiphenyl
4-Methylbiphenyl
2,2'-Dimethylbiphenyl
3,3'-Dimethylbiphenyl
4,4'-Dimethylbiphenyl
Dimethylbiphenyl
Dimethyl-o-terphenyl
Trimethyl-m-terphenyl
Trimethyl-m-terphenyl
Dimethyl-p-terphenyl
Dimethyl-p-terphenyl

50

70

90

100

197.21
275.10
3312.58
4199.77
314.67
8312.46
2352.12
4610.52
20.31
37.95
45.93
2.32
11.96

800.96
510.63
7575.49
6390.40
311.15
14178.99
4071.16
5053.35
60.12
168.83
111.43
6.24
46.81

2716.69
690.89
13682.72
9036.47
228.11
16645.86
4925.37
7591.06
336.44
258.22
444.58
129.53
159.34

5312.25
978.92
20856.87
12903.50
254.16
20857.39
6343.10
19022.76
669.05
306.37
571.77
216.99
215.35
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B.4 Diphenylmethane and Bibenzyl Product Yields
Yields of diphenylmethane, a methyldiphenylmethane, and bibenzyl are each reported in
micrograms of product per gram of toluene fed to the reactor.
B.4.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Diphenylmethane
Methyldiphenylmethane
Bibenzyl

550

600

625

39.24
16.01
140.18

505.84
304.01
1257.59

1406.25
1052.83
2020.16

650

675

685

5155.86 11668.42 12074.08
2350.96 2692.31 3817.14
3717.15 4760.30 3754.41

B.4.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Diphenylmethane
Methyldiphenylmethane
Bibenzyl

50

70

90

100

4014.91
1650.42
2198.92

7203.52
2125.62
3230.29

9118.73
2577.56
3359.12

12074.08
3817.14
3754.41
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B.5 Fluorene and Phenylfluorene Product Yields
Yields of fluorene, methylated fluorenes, and methylated 9-phenylfluorenes are reported
in micrograms of product per gram of toluene fed to the reactor.
B.5.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Fluorene
1-Methylfluorene
4-Methylfluorene
Methylfluorene
Methyl-9-phenylfluorene
Methyl-9-phenylfluorene
Methyl-9-phenylfluorene

550

600

625

0.00
0.00
0.00
0.00
0.00
0.00
0.00

25.34
134.58
0.00
77.52
0.00
0.00
0.00

181.85
854.22
0.00
429.34
0.00
0.00
0.00

650

675

685

1651.38 8208.67
5118.23 11526.86
498.91 1086.51
2389.23 4678.04
3.26
45.20
13.68
165.35
1.41
22.69

10955.42
10906.98
1915.17
8081.76
85.85
322.92
29.84

B.5.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Fluorene
1-Methylfluorene
4-Methylfluorene
Methylfluorene
Methyl-9-phenylfluorene
Methyl-9-phenylfluorene
Methyl-9-phenylfluorene

50

70

90

100

1551.55
3288.46
75.07
2283.38
4.45
7.79
1.77

4205.26
6354.96
731.63
3103.10
38.15
44.63
1.05

7437.37
7428.50
1456.24
6345.90
92.25
141.60
8.99

10955.42
10906.98
1915.17
8081.76
85.85
322.92
29.84
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B.6 Anthracene and Phenylanthracene Product Yields
Yields of anthracene, a phenylanthracene, and methylated phenylanthracenes are reported
in micrograms of product per gram of toluene fed to the reactor.
B.6.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Anthracene
2-Phenylanthracene
Methyl-2-phenylanthracene
Methyl-2-phenylanthracene
Methyl-9-phenylanthracene
Methyl-9-phenylanthracene

550

600

625

650

675

685

0.00
0.00
0.00
0.00
0.00
0.00

14.18
0.00
0.00
0.00
0.00
0.00

99.13
0.00
0.00
0.00
0.00
0.00

728.72
0.00
1.61
1.12
0.00
0.00

2064.18
74.22
69.86
48.70
23.47
32.53

2271.04
150.59
131.40
135.52
137.58
66.10

B.6.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Anthracene
2-Phenylanthracene
Methyl-2-phenylanthracene
Methyl-2-phenylanthracene
Methyl-9-phenylanthracene
Methyl-9-phenylanthracene

50

70

90

100

738.08
0.00
3.21
2.47
6.51
0.00

1369.55
19.46
40.03
37.28
9.43
2.83

1744.43
93.97
132.69
160.05
72.46
35.96

2271.04
150.59
131.40
135.52
137.58
66.10
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B.7 Phenanthrene and Phenylphenanthrene Product Yields
Yields of phenanthrene, methylphenanthrenes, phenylphenanthrenes, and methylated
phenylphenanthrenes are reported in micrograms of product per gram of toluene fed to the
reactor.
B.7.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Phenanthrene
1-Methylphenanthrene
2-Methylphenanthrene
3-Methylphenanthrene
Cyclopenta[def]phenanthrene
2-Phenylphenanthrene
9-Phenylphenathrene
Methyl-2-phenylphenanthrene
Methyl-2-phenylphenanthrene
Methyl-3-phenylphenanthrene
Methyl-3-phenylphenanthrene

550

600

625

650

675

685

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

13.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

128.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1012.61
6.87
0.00
0.00
0.00
0.83
7.20
1.51
0.92
0.34
1.65

4777.24
279.85
336.42
39.67
187.73
35.86
182.35
42.57
40.90
45.40
52.08

6236.70
724.28
734.67
220.99
253.95
120.83
539.87
139.24
119.39
174.04
151.21

B.7.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Phenanthrene
1-Methylphenanthrene
2-Methylphenanthrene
3-Methylphenanthrene
Cyclopenta[def]phenanthrene
2-Phenylphenanthrene
9-Phenylphenathrene
Methyl-2-phenylphenanthrene
Methyl-2-phenylphenanthrene
Methyl-3-phenylphenanthrene
Methyl-3-phenylphenanthrene

50

70

90

100

1067.07
4.65
0.00
0.00
0.00
1.44
4.65
1.07
1.11
0.58
0.82

2303.92
42.17
24.43
8.11
126.51
15.30
33.06
14.64
8.76
5.21
4.98

4297.52
223.09
433.49
114.92
285.09
114.56
232.33
76.82
68.70
109.22
93.38

6236.70
724.28
734.67
220.99
253.95
120.83
539.87
139.24
119.39
174.04
151.21
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B.8 Benzofluoranthene Product Yields
Yields of benzo[a]fluoranthene, benzo[b]fluoranthene, and methylbenzo[b]fluoranthenes
are each reported in micrograms of product per gram of toluene fed to the reactor.
B.8.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Benzo[a]fluoranthene
Benzo[b]fluoranthene
Methyl-benzo[b]fluoranthene
Methyl-benzo[b]fluoranthene

550

600

625

650

675

685

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

23.75
13.55
10.69
5.42

90.60
109.61
37.43
9.10

B.8.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Benzo[a]fluoranthene
Benzo[b]fluoranthene
Methyl-benzo[b]fluoranthene
Methyl-benzo[b]fluoranthene

50

70

90

100

0.00
0.00
0.00
0.00

20.05
1.02
0.88
0.34

90.69
92.39
18.13
9.39

105.60
109.61
37.43
9.10
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B.9 Indenofluorene and Naphthofluorene Product Yields
Yields of indeno[1,2-b]fluorene, naphtho[2,3-b]fluorene, naphtho[2,1-a]fluorene, and
methylnaphtho[2,1-a]fluorenes are each reported in micrograms of product per gram toluene fed
to the reactor.
B.9.1. Experiments at Pressure = 100 atm and Residence Time = 140 sec
Temperature (°C)

Indeno[1,2-b]fluorene
Naphtho[2,3-b]fluorene
Naphtho[2,1-a]fluorene
Methyl-naphtho[2,1-a]fluorene
Methyl-naphtho[2,1-a]fluorene

550

600

625

650

675

685

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.91
0.00
1.05
0.00
0.00

8.95
6.69
75.08
7.85
4.81

22.20
11.73
194.69
9.70
12.31

B.9.2. Experiments at Temperature = 685 °C and Residence Time = 140 sec
Pressure (atm)

Indeno [1,2-b]fluorene
Naphtho[2,3-b]fluorene
Naphtho[2,1-a]fluorene
Methyl-naphtho[2,1-a]fluorene
Methyl-naphtho[2,1-a]fluorene

50

70

90

100

0.30
0.00
2.66
0.00
0.00

1.65
4.66
30.33
1.01
0.60

19.57
11.88
150.44
10.48
10.23

22.20
11.73
194.69
9.70
12.31
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